EFFECTS OF GROUND-WATER FLOW ON SOIL CHEMISTRY, NUTRIENT AVAILABILITY AND PLANT SPECIES DISTRIBUTIONS IN FOUR NEW YORK STATE FENS by Bailey, Kathleen
  
 
 
EFFECTS OF GROUND-WATER FLOW ON SOIL CHEMISTRY,  
NUTRIENT AVAILABILITY AND PLANT SPECIES DISTRIBUTIONS  
IN FOUR NEW YORK STATE FENS 
 
 
 
 
 
 
 
A Dissertation 
Presented to the Faculty of the Graduate School 
of Cornell University 
In Partial Fulfillment of the Requirements for the Degree of 
Doctor of Philosophy 
 
 
 
 
by 
Kathleen Margaret Bailey 
August 2006 
 
 
 
 
 
 
 
 
 
 
 
 
© 2006 Kathleen Margaret Bailey 
 
EFFECTS OF GROUND-WATER FLOW ON SOIL CHEMISTRY,  
NUTRIENT AVAILABILITY AND PLANT SPECIES DISTRIBUTIONS  
IN FOUR NEW YORK STATE FENS 
 
 
 
Kathleen Margaret Bailey, Ph. D.  
Cornell University 2006 
 
Occurrence of distinctive plant communities, rich fens, in specific 
hydrogeologic settings with high fluxes of calcium-rich ground water has been 
observed but not fully explained.  In fens, ground-water discharge patterns 
induce spatial gradients in water chemistry that may determine vegetation 
patterns through effects on nutrient availability.  However, linkages among 
these components are poorly characterized.  I hypothesized that 
transformations in carbonate (CO3
2−) chemistry along ground-water flowpaths 
(GWFs) would enhance carbonate precipitation, primarily due to redox 
reactions and carbon dioxide degassing.  I also expected phosphorus (P) co-
precipitation would lead to P-limitation of plant growth and differences in 
species composition along the GWF. 
I compared vegetation and hydrochemical gradients among four fens 
during 2002 with nested piezometers set parallel to GWFs.  I found that local 
ground water influenced soil and water chemistry of the wetland edge, 
whereas GWF from larger-scaled systems influenced interior areas.  
Topography of the underlying mineral substrate and hydraulic conductivity of 
  
the peat controlled spatial distribution of ground-water effects on chemistry of 
the plant rooting zone.  Spatial distribution of redox-sensitive ions (e.g., nitrate, 
iron, sulfate) and alkalinity conformed to GWFs.  Equilibrium conditions 
prevailed with respect to calcium minerals except where ground-water inputs 
of sulfate induced SO4
2-
 -reduction and net dissolution predominated.  Iron 
minerals, including siderite and iron-sulfides, also strongly influenced pore-
water chemistry. 
Sulfur content and bicarbonate-dithionite extractable P increased in areas 
with elevated alkalinity and evidence of SO4
2-
 reduction, suggesting that iron-
sulfur reactions rather than CO3
2− chemistry regulate P dynamics.  HCl-
extractable P decreased in these areas, showing that P-co-precipitation with 
CO3
2−-minerals does not substantially affect P availability.  Further, CO3
2−- 
minerals comprised less than 2% of the soil, except in marl fen (25%).   
Non-parametric analyses of environmental and species data showed that 
position along GWFs significantly affected soil characteristics and plant 
communities.  Spearman’s rank correlations revealed that multiple 
environmental variables, all associated with changes in pore water chemistry 
along the GWF, were highly correlated with plant species composition, 
indicating that GWF strongly influences plant species distribution.  
Autocorrelation among the predictor variables suggested that GWFs control 
distribution of plant communities through short-term effects on pore-water 
chemistry and long-term effects on soil chemistry.
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Chapter One 
Overview of potential ground-water effects on soil properties, plant 
nutrient availability, and plant species composition in New York fens 
 
Thesis Overview: 
Extensive human development has altered the hydrologic cycle, and 
consequently, the distribution of nutrients and contaminants across the 
landscape.  Wetlands are especially vulnerable to these alterations because of 
the strong influence by water inflow on water-table fluctuations and water 
quality (Brinson 1993).  The significance of human impacts, however, is 
difficult to assess because linkages among hydrology, soil and water 
chemistry, and vegetation patterns remain unknown.  Better information exists 
regarding marshes and riparian systems where flooded conditions are 
sustained by surface-water inputs, but in wetlands where ground-water 
predominantly contributes to the water budget, interactions between hydrology 
and plant community composition remain less known (e.g., Whigham and 
Jordan 2003).  This is particularly true because ecologists historically focused 
on community dynamics of the diverse plant species unique to fens rather than 
investigating linkages with the surrounding landscape (Nekola 1994; Bedford 
and Godwin 2003).       
Many studies have characterized ground-water and surface-water 
interactions in wetland complexes and subsequent effects on hydrochemical 
patterns (e.g., Hill and Devito 1997; Devito et al. 1999; Carlyle and Hill 2001).  
Other studies have determined water and nutrient budgets to infer wetland 
function and assess nutrient cycling and transport (e.g., Richardson 1985; 
Drexler et al. 1999).  A third body of literature relates plant community 
1 2  
structure to shallow pore-water quality among various wetland types (e.g., Vitt 
and Chee 1990; Slack 1994).  Fewer studies, however, describe the 
interactions among these components or explore biogeochemical processes 
by which ground water can influence nutrient dynamics (e.g., Drexler and 
Bedford 2002).  With this dissertation, I bring these three bodies of research 
together by characterizing spatial patterns in ground-water hydrology, soil 
chemistry, and plant community composition in four fens simultaneously.  My 
overall hypothesis was that ground-water inflow imposes spatial 
hydrochemical gradients significant enough to control soil composition, 
nutrient availability, and ultimately, the distribution of plant species.  Positive 
results will highlight the dynamic, rather than stagnant, interactions between 
fens and the surrounding landscape, and indicate geochemical processes that 
influence plant nutrient availability and the distribution of fen plants. 
A broad survey of plant species composition, plant tissue chemistry, soil 
chemistry, pore-water chemistry, and hydrology in sixteen New York (NY) fens 
(Bedford and Bailey, unpublished data) confirmed the importance of ground 
water to the overall water budget and hydrochemical patterns in rich fens.  
Results indicated a strong association between ground-water alkalinity and 
soil carbon (C), nitrogen (N) and phosphorus (P) pools in the plant rooting 
zone.  To investigate these linkages more closely, I set up a detailed 
hydrologic study in four fens.  Results are presented in three scientific papers.  
The first paper (Chapter Two) compares hydrologic characteristics of three 
rich fens and a poor fen.  The second paper (Chapter Three) addresses the 
hypothesis that hydrochemical patterns established by ground-water flow 
regulate plant nutrient availability through effects on soil chemistry across 
each fen.  The third paper (Chapter Four) combines the results of the 
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hydrology and soil characterizations with vegetation survey data to investigate 
linkages among these three components.  Chapter Five summarizes the 
results and presents ideas for future studies. 
 
Background: 
Fens are groundwater-fed wetlands that occur in headwater areas or 
locations apparently isolated from large surface-water inflows.  Because of 
substantial ground-water influence, shallow pore water reflects local soil and 
bedrock mineralogy (Bedford and Godwin 2003).  Soils are saturated but not 
flooded year-round due to a relatively stable water table (Vitt 1994, Nekola 
1994, Amon et al. 2002), typically less than 10 cm below the land surface 
(Bedford and Godwin 2003).  Organic matter accumulates, and peat depths 
generally range from 50 to 250 cm (Amon et al. 2002).  In North America, 
base-rich fens predominantly occur in glacial moraine deposits across the 
Great Lakes drainage basin, where limestone sources contribute significantly 
to calcium (Ca
2+) and bicarbonate concentrations.  These sites are usually 
small (<5 hectares), species-rich habitats, low in plant nutrient availability 
(Reschke 1990; Bedford and Godwin 2003).  Fens that have not been 
impacted by humans often host a diversity of plant species, many of which are 
locally or globally rare (Johnson and Leopold 1994; Amon et al. 2002).   
Researchers continue to debate which factors promote diverse plant 
assemblages.  Previous studies have focused on elevated net primary 
production due to eutrophication (Vemeer and Berendse 1983; Pauli et al. 
2002), and subsequent declines in species diversity (e.g., Tilman and Pacala 
1993), especially of rare plant species (Olde Venterink et al. 2001).  Low plant 
species diversity also occurs in sites stressed by severely low nutrient 
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availability, which limits biomass production.  The diverse assemblages and 
moderate biomass in fens may be sustained by a ‘balanced’ and relatively 
moderate nutrient supply.  Fens provide a natural habitat to investigate the 
linkages between nutrient availability, biomass, and plant species composition 
without the confounding effects of changing moisture conditions.  In this work, 
I explored for evidence that ground water influences fen vegetation by 
controlling biogeochemical processes and regulating nutrient availability.   
Without surface water inputs, fens receive plant growth-limiting nutrients 
(N, P, potassium (K)) either directly with incoming ground water and 
precipitation or indirectly through internal recycling.  Although N-enrichment 
occurs through ground water and atmospheric deposition (Drexler and Bedford 
2002), NO3
- concentrations decreased rapidly once enriched ground water 
reached organic-rich soils perhaps suggesting high denitrification rates limit 
the potential for eutrophication by N-excess (Bailey and Bedford, unpublished 
data).  Preliminary evidence indicates that P-limitation, or co-limitation by both 
N and P, affects most fen plant species (Bedford et al. 1999). 
Rather than external supplies, hydrologic control of internal geochemical 
reactions (Koerselman et al. 1993; Kellogg and Bridgham 2003) and microbial 
processes (Richardson and Marshall 1986; Koch-Rose et al. 1994) determine 
P-availability in fens and bogs (Devito and Dillion 1993; Carlyle and Hill 2001).  
Sediment-sorbed P delivered with surface water inflow is restricted to edge 
areas receiving over-land flow (Drexler and Bedford 2002).  Ground water has 
negligible dissolved P concentrations (e.g., Carlyle and Hill 2001; Drexler and 
Bedford 2002) due to its low solubility in oxidized environments and its rapid 
uptake by plants and microbes (Johnson et al. 1986; Richardson 1985; Wetzel 
1998).  Atmospheric deposition also delivers very little P to the landscape 
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(Ruttenberg 2001).  Elevated P concentrations observed down-gradient of 
riparian wetlands therefore indicate that internal biogeochemical processes 
primarily influence P-dynamics across wetlands (Reddy et al. 1999; Carlyle 
and Hill 2001).   
 
Soil Phosphorus Chemistry: 
In natural terrestrial settings, total soil P typically contains 100 to 3000 
mg P• kg
-1, but organic soils can contain as little as 10 mg P• kg
-1 (Sharpley 
1995).  Phosphorus is distributed among inorganic and organic soil pools that 
are determined by environmental conditions and that differ in relative 
availability to plant species.  Most P is tied up in recalcitrant forms: 50 to 75% 
of total P occurs as insolubilized inorganic compounds, including hydrous 
sesquioxides, amorphous and crystalline iron (Fe) and aluminum (Al), 
especially in acid soils (pH < 5.5), and Ca-minerals, especially in alkaline soils 
(pH > 7.5) (Sharpley 1995).  Acidity largely controls Al-P dynamics, redox 
conditions primarily influence Fe-P pools, and alkalinity controls Ca-bound P 
pools.  Because aluminum solubilization and subsequent P release occurs 
under acidic conditions atypical of fens, this process is not further considered.  
In organic soils, most P sorbs to highly charged organic matter (McBride 
1994) rendering it unavailable to plants (Pant et al. 2002).  Although inorganic-
P may constitute as little as 10% of the total P in an organic-rich soil, its rapid 
cycling rate and response to environmental conditions makes this pool 
biologically important (e.g., Darke and Walbridge 2000).  Microbial activity can 
enhance P mobilization significantly by mediating geochemical processes as 
well as degrading organic-P compounds (Khoshmanesh et al. 1999).  Internal 
eutrophication can occur when these processes lead to concentrations greater 
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than 0.1 mg P/L (Moss et al. 1996).  Circum-neutral conditions typical of NY 
fens suggest that the redox and carbonate mechanisms may interactively 
affect P release and sorption from iron and Ca-minerals. 
Redox effects on soil P chemistry: 
Stable water table elevations and continuously saturated conditions are 
assumed to impose essentially anoxic across a fen wetland.  However, ground 
water discharge can moderate these conditions by supplying alternate terminal 
electron acceptors (Drever 1988; Devito and Dillon 1993; Christensen et al. 
2000), which facilitate microbial respiration but with decreased efficiency (i.e., 
energy yield).  This predictable sequence of ions associated with important 
oxidation-reduction processes important to wetland biogeochemistry 
constitutes a “thermodynamic gradient” and includes: nitrate (NO3
-), manganic 
manganese (Mn
4+), ferric iron (Fe
3+), sulfate (SO4
-2), and carbon dioxide (CO2) 
(Table 1-1).  The importance of each process depends on the supply of 
electron acceptors.  Shallow thermodynamic gradients extend from the surface 
of a wetland to depths of 20-30 millimeters due to oxygen diffusion (Patrick 
and Khalid 1974, Gambrell and Patrick 1978).  Ground water discharge can 
moderate anoxia over much greater areas (meter-scaled) in a fen site by 
providing a continuous supply of electron acceptors, for example, NO3
- derived 
from surrounding agricultural land use or SO4
-2 from local geologic sources 
(Hedin et al. 1998; Lucassen 2004).  Although previous research suggests 
transient redox conditions significantly affect nutrient availability in the plant-
rooting zone (Gambrell and Patrick 1978), few studies have characterized 
horizontal redox gradients and effects on plant species distributions across fen 
areas (Wheeler 1999).  
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Table 1-1.  Important oxidation-reduction processes in wetland soils  (From 
Freeze & Cherry 1979, Drever 1988, Mitsch & Gosselink 2000) 
Process  Reaction 
Redox 
Potential 
(mV) 
Denitrification  5CH2O + 4NO3
- + 4H
+  →  5CO2 + 2N2 + 6H2O  250 
Manganese 
(IV) reduction  CH2O + 2MnO2 + 3H
+ → 2Mn
2+ + HCO3
- + 2H2 225 
Iron (III) 
reduction  CH2O + 4Fe(OH)3 + 8H
+ →  CO2  + 4Fe
2+ + 11H2O 
+100 - 
-100
Sulfate 
reduction  2CH2O  +  SO4
2- + 2H
+ →  HS
- + 2H2O + 2CO2
-100 - 
-200 
Fermentation  2CH2O + CO2  →  CH4 + 2CO2 < 
-100 
  
Anoxia affects soil chemistry differentially, depending on the supply of 
terminal electron acceptors.  Under oxic conditions maintained by oxygenated 
or nitrate-enriched ground water, contrasting mechanisms can influence P-
mobilization.  More energy efficient conditions could increase mobilization of 
organic-P by enhancing decomposition and mineralization as has been 
documented during water-table drawdown events (e.g. Olde Venterink et al. 
2001).  Alternatively, oxic conditions could reduce P availability by limiting 
ferric iron and SO4
2- reduction (Patrick and Khalid 1974; Roelofs 1991; 
Lucassen et al. 2004).  Sub-oxic conditions sustained by the presence of soil 
iron oxides and SO4
2- influxes maximally influence P availability (Caraco et al. 
1989).  The redox-sensitive, Fe-bound P-pools are highly dynamic and 
affected by short-term processes (House 2003, Richardson 1985, Walbridge 
and Struthers 1993); therefore, these pools predominantly control P-availability 
in wetlands (Sharpley 1995).   
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In circumneutral soils, redox conditions and climate control iron mineral 
formation.  The most important iron oxides in temperate regions under natural 
conditions (i.e., without eutrophication) include goethite (FeOOH) and 
ferrihydrite (Fe2)3-nH2O).  Hematite (Fe2O3) and gibbsite (Al(OH)3) are also 
common, but typically associated with warm, tropical climates.  Iron-oxides 
rapidly precipitate under aerobic conditions with P sorbing to the mineral 
surfaces.  Under sub-oxic conditions, iron minerals dissolve and release P 
(Moore and Reddy 1994).  With SO4
2- reduction, formation of iron-sulfides 
(FeS) and pyrite (FeS2) enhances iron oxide reduction and releases P more 
efficiently than direct microbial reduction of iron oxides, even though the latter 
occurs under more favorable thermodynamic conditions (Wetzel 1998).  
Siderite (FeCO3) precipitates form in bicarbonate-rich environments (pH > 8) 
with high iron activity, typical of anoxic environments (McBride 1994).  Similar 
to the influence of sulfur compounds, siderite also can limit P-availability by 
enhancing Fe-dissolution, albeit less efficiently (Callahan et al. 2002).  Ferrous 
iron oxidation can immobilize P by inducing vivianite (Fe3(PO4)2
-(H2O)8) 
precipitation (Gächter and Müller 2003; House 2003), but low dissolved P 
suggests that this process is not important to fen soil chemistry. 
Despite the small inorganic pools typically associated with organic soils, 
mineral P transformations remain important in wetlands because of the 
reactive mineral structure of the aluminum/iron oxides.  Organic matter inhibits 
crystallization, and therefore wetland soils tend to have a greater proportion 
and amount of reactive, amorphous (non-crystalline) iron (Axt and Walbridge 
1999).  Amorphous iron readily changes valence and reacts to changing redox 
conditions (Axt and Walbridge 1999).  Further, amorphous iron (and 
aluminum) can dominate soil P sorption reactions because of greater reactive 
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surface area than in crystalline forms (McBride 1994).  Non-crystalline Al and 
Fe can correlate strongly with P sorption capacity in wetland soils (Richardson 
1985, Walbridge and Struthers 1993, Axt and Walbridge 1999).     
Carbon chemistry effects on soil P pools: 
Dissolved inorganic carbon (DIC), including carbon dioxide (PCO2), 
carbonic acid (H2CO3), bicarbonate (HCO3
-), and carbonate (CO3
-) derived 
from mineral dissolution and biotic respiration, affect P-availability through 
effects on pH and carbonate chemistry.  Under circum-neutral conditions, DIC 
principally consists of carbonate alkalinity (HCO3
- and CO3
-) derived from 
limestone dissolution (Hem 1992).  The chemical composition of inflowing 
ground water sets the potential for carbonate minerals to precipitate across the 
fen complex. 
Although the carbon cycle is highly dynamic, carbonate alkalinity is 
generally conservative and independent of PCO2 (Drever 1988).  Therefore one 
might not expect HCO3
- concentrations or carbonate-mineral precipitation 
potentials (i.e., saturation indices) to change substantially along a ground-
water flow path through a fen complex.  In the presence of a carbon source 
(peat), however, oxidation-reduction reactions can increase HCO3
- 
concentrations and enhance carbonate precipitation (Drever 1988).  Further, 
when CO2-charged ground water reaches the land surface and facilitates 
degassing, the pH increases and induces Ca-mineral precipitation (Boyer and 
Wheeler 1989, Komor 1994, Futyma and Miller 2001).  Both mechanisms 
could explain the common occurrence of marl (Ca-carbonate mineral) deposits 
observed in rich fens (Bedford and Godwin 2003).   
In alkaline, reduced environments where marl forms, P co-precipitation 
with Ca-minerals controls P-availability (Moore and Reddy 1994) and 
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intensifies P-limitation across plant communities (Reddy et al. 1999).  Complex 
interactions of environmental variables (e.g., pH, temperature, ionic strength, 
and the presence of inhibitors) determine the predominant Ca-mineral formed 
under supersaturated conditions and the extent of P co-precipitation.  Calcite 
is the most common Ca-mineral, but others including vaterite, aragonite, and 
mono/hexa-hydrates form more readily under natural conditions (House 2003).  
At low concentrations (P < 0.6 mg/L), P sorbs to the surface of these calcite 
minerals (Plant and House 2002).    
Phosphorus will adsorb into the Ca-mineral structure and form Ca-P 
minerals where elevated P concentrations (> 0.6 mg/L) occur.  Reactive P 
concentrations generally are too low to promote crystal nucleation in 
freshwater environments (House 2003).  However, in P-enriched areas (e.g., 
Florida Everglades) with high Ca-concentrations (Ca > 100 mg/L) and pH >9, 
Ca-P precipitates constitute the most significant soil P pool (Diaz et al. 1994; 
Plant and House 2002).  The most stable calcium-phosphate mineral, 
hydroxyapatite, does not form under normal temperatures and pressures (Diaz 
et al. 1994).  Instead, more dynamic precursors including dicalcium phosphate 
dehydrate (DCPD), amorphous tricalcium phosphate (TCP), and octacalcium 
phosphate (OCP) form, with OCP occurring most prevalently in calcium-rich 
(Ca > 100 mg/L) waters (Plant and House 2002).   
In dolomite-rich (CaMg(CO3)2) areas, elevated magnesium (Mg) 
concentrations also can limit P-immobilization by interfering with calcite 
formation (Zhang and Dawe 2000).  Alternatively, high Mg:Ca ratios greater 
than 0.6 result in dolomite precipitation rather than calcite formation (Hsu 
1963).  Phosphorus co-precipitation result in long-term storage as the Ca-Mg 
minerals are less soluble than pure Ca-minerals (Diaz et al. 1994).  
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Though Ca-P co-precipitation is considered the most important 
mechanism limiting P-availability in rich fens (e.g., Boyer and Wheeler 1989; 
Bedford and Godwin 2003), other biogeochemical processes may trump 
carbonate chemistry and result in higher P-release rates.  Many reactions are 
kinetically more favorable than Ca-P interactions, including plant and microbial 
uptake, precipitation with more reactive minerals (e.g., iron sulfides), and 
sorption to iron oxides, clays, and organic matter (House 2003).  Increased 
alkalinity also can increase P-availability by neutralizing acids which otherwise 
retard decomposition, stimulating microbial respiration, and promoting internal 
nutrient release rates (Curtis 1989; Roelofs 1991; Smolders et al. 1995; 
Lamers et al. 2001).  Third, alkaline anions (HCO3
-, CO3
2-, and OH-) can inhibit 
phosphate adsorption to Ca-minerals by displacing the phosphate from 
chemisorption sites (de Montigny and Prairie 1983; McBride 1994).  Finally, 
plant and microbial respiration can increase soil PCO2 thereby reducing pH and 
inhibiting calcite precipitation and P-fixation (deJonge and Villerius 1989; 
Boyer and Wheeler 1989; Komor 1994).  In addition, plant production of tannic 
acids and polyphenols inhibits calcite growth (Hoch et al. 1999). 
Ground water influence on hydrogen ion activity: 
While redox and carbonate mechanisms potentially affecting P-
availability were discussed separately, these processes interactively affect the 
soil environment.  For example, delivery of alternate terminal electron 
acceptors can facilitate microbial respiration, thereby enhancing CO2 
production and decreasing pH.  At the same time, reduction processes and the 
supply of bicarbonate-rich ground water can buffer the system from pH 
changes.  These mechanisms interactively control pH across a fen area.  
Because hydrogen ion activity (pH) represents a key distinquishing 
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characteristic among fens types and correlates well with other fen properties 
such as the distribution of fen plant species (Sjors 1952; Jeglum 1971; Vitt and 
Chee 1990) one must understand the extent to which redox and carbonate 
reactions affect pore-water chemistry. 
 
Summary: 
Although previous studies highlight the importance of redox and 
carbonate chemistries to P-cycling in wetlands (Figures 1-1 and 1-2), few 
studies document the spatial extent over which these mechanisms operate.  In 
fens, where the water budget is maintained primarily by ground-water inputs, 
pore-water chemistry, and therefore P-dynamics, should be controlled by the 
delivery rate and composition of inflowing ground water and subsequent 
effects on substrate reactions.  Given the stable watertable conditions typical 
of fens, I further hypothesized that variation in plant species composition 
arises from variation in pore-water chemistry and its effects on plant nutrient 
availability.  To explore these hypotheses, I characterized ground-water flow, 
hydrochemical patterns, and soil chemistry, together with information about 
plant species distributions in four fens.  My research is intended to provide 
insights regarding landscape controls on plant nutrient transformations, 
wetland function, and factors predominantly affecting the distribution of plant 
species across fen habitats. 
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Figure 1-1.  Conceptual model: potential ground-water effects on 
redox conditions and phosphorus dynamics in fens.  
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Figure 1-2.  Conceptual model: potential ground-water effects on 
carbonate chemistry and phosphorus dynamics in fens. 15  
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 Chapter Two 
The Influence of Multi-scaled Ground-Water Contributions on Pore Water 
Quality across Four New York Fens 
 
Abstract:  Results from a hydrologic study of four New York fens indicate the 
importance of characterizing ground-water flow (GWF) and the resulting 
hydrochemical patterns in order to understand biogeochemical processes that 
influence nutrient and contaminant fluxes.  At all sites, hydrometric data and 
pore water samples collected from nested piezometers set along the GWF-
path indicated a mixing gradient, which resulted from the intersection of  local 
(i.e., hill slope), relatively dilute ground water discharge and mineral-rich 
ground water discharged from a larger-scaled  (i.e., intermediate) system.  
Distinct redox gradients along the GWF-paths suggested important 
interactions between ground-water hydrology and microbial processes.  Digital 
water-level loggers collecting hourly data indicated that short-term weather 
events (evapotranspiration and rain) influenced the interactions between the 
local and large-scaled ground water systems.  Slower hydraulic conductivity 
(Kvh) of the peat and underlying mineral deposits, determined from 
stratigraphic profiles and slug tests, limited the extent of interaction between 
the multi-scaled ground water systems.  Results suggest mechanisms by 
which human impacts on ground-water supply or changing climatic conditions 
could influence biogeochemical processes and ultimately affect plant 
community dynamics across a fen or influence contaminant transport to down-
gradient waterbodies.   
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Introduction: 
Rich fens are ground-water fed wetlands historically identified by 
calciphillic vegetation which occurs only in saturated (not flooded), organic- or 
calcium-rich soils (Vitt 1990; Glaser et al. 1990; Amon et al. 2002).  The stable 
water table sustained by ground-water discharge results in permanent 
saturation of the plant rooting zone (Almendinger and Leete 1998a).  Land use 
and land cover, including ground-water pumping and extraction, can alter 
wetland hydrology and function (e.g., Roelofs 1991; Shedlock et al. 1993; 
Kazda 1995), but without understanding internal hydrodynamics, we have 
limited capability to predict potential impacts to fens or develop effective 
conservation strategies (Almendinger and Leete 1998a). 
The apparently static hydrology of fens, despite daily, seasonal, and 
inter-annual weather trends, results from interaction of multiple ground-water 
systems (Roulet 1990; Hill and Devito 1997; Almendinger and Leete 1998a).  
Resulting mixing gradients influence biogeochemical processes that control 
water quality and nutrient availability in the plant rooting zone (Smolders and 
Roelofs 1993; Lamers et al. 1999; Khoshmanesh et al. 1999).  The 
subterranean nature and temporal variation due to climate and weather 
patterns, however, complicate efforts to characterize water-soil-plant 
interactions (Whigham and Jordan 2003). 
The flux of ground water affects nutrient availability by controlling redox 
conditions and decomposition rates (e.g., Hedin et al. 1998, Hill and Devito 
1997).  Delivery of alternate terminal electron acceptors (TEAs) (i.e., nitrate 
(NO3
-), manganic manganese (Mn
4+), ferric iron (Fe
3+), sulfate (SO4
2-), and 
carbon dioxide (CO2)) to organic-rich peat can elevate microbial respiration 
and promote internal nutrient cycling (Dahm et al. 1998).  The decreased 
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efficiency or energy-yield provided by alternate TEAs can result in spatial 
redox gradients that occur as ground water flows through peat and gradually 
becomes more reduced.  For example, Hedin et al. (1998) documented 
distinct and predictable changes in TEAs in riparian wetlands: NO3
- 
concentrations initially decreased while ammonium (NH4
+) increased; in the 
absence of NO3
-, SO4
2--reduction occurred while hydrogen sulfides (HS
-) 
increased; and in the most reduced areas, dissolved organic carbon 
accumulated due to the severely anoxic conditions and reduced respiration 
rates.  Additional studies provide strong evidence that anoxic conditions 
buffered by the influx of NO3
-- or SO4
2-
 -enriched water sources promote 
internal eutrophication, especially through effects on iron mineral chemistry 
(Roden and Edmons 1997; Lamers et al. 1998; Lamers et al. 2001).  The 
same redox mechanisms could induce spatial hydrochemical patterns and 
subsequently influence plant nitrogen and phosphorus availability in relatively 
pristine fens (Reddy et al. 1999).  
Hydrochemical patterns and resulting redox conditions also can influence 
carbonate-mineral dynamics.  Increased microbial respiration associated with 
an abundant supply of TEAs and organic substrate can increase CO2 and 
lower pH (Almendinger and Leete 1998b), thereby inhibiting carbonate-mineral 
precipitation (Komor 1994) and increasing the dissolved mineral content of the 
pore-water (due to an exchange of H+ ions for base cations sorbed onto 
minerals) (McBride 1994).  Alternatively, or further down-gradient, bicarbonate 
(HCO3
-) concentrations can accumulate as a by-product of redox reactions.  
Elevated alkalinity can buffer acidity generated by decomposition and induce 
super-saturated conditions that promote calcium- or iron-mineral precipitation 
(Moore and Reddy 1994).  In addition to the redox effects, diffusion or out-
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gassing of CO2 from shallow ground water to the atmosphere could increase 
pH and also induce carbonate-mineral precipitation, especially in areas where 
ground-water discharge reaches the land surface or where the water table is 
above the land surface (Boyer and Wheeler 1989).  
Ground-water evolution across a wetland can influence vegetation by 
increasing spatial heterogeneity (Boeye et al. 1994) and affecting nutrient 
availability (Malmer 1986; Olde Venterink et al. 2001; Drexler and Bedford 
2002).  For example, sub-oxic conditions, maintained by SO4
2-
 -enriched 
ground-water discharge, increases mineralization and release of plant 
nutrients (Lamers et al. 1998; Beltman et al. 2000).  Previous studies confirm 
the influence of hydrologic flow on spatial geochemical patterns across 
riparian wetlands (e.g., Hedin et al. 1998; Carlyle and Hill 2001) and highly 
managed wetlands (e.g., Lucassen et al. 2000).  Similar mechanisms could 
influence pore water chemistry in fens located in the southern Lake Ontario 
drainage basin, where limestone-rich geologic materials, complex topography, 
and a thick accumulation of unconsolidated deposits result in complex, nested 
ground-water systems.  Therefore, the objectives of this study were to identify 
and compare hydrochemical patterns in three rich fens, characterized by 
mineral-rich pore-water and a poor fen, characterized by dilute ground water 
quality.  Results will enable a comparison of NY fens with similar wetland 
types in distant locations (e.g., Boyer and Wheeler 1989; Almendinger and 
Leete 1998a) and enable a better understanding of how these systems 
interact with contiguous watersheds.  This work will provide the foundation for 
further research investigating the importance of dominant geochemical 
processes on plant nutrient availability.   
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Methods: 
Detailed Description of Study Sites: 
Four fens were selected based on preliminary studies of 16 sites located 
in the Lake Ontario drainage basin (Figure 2-1).  East Malloryville Fen (EMF; 
Groton New York: 42.536°N, 76.292°W; WGS84) is a depression wetland 
formed within kettle and kame moraine deposits of south Cortland Valley 
(Figure 2-2) (Tompkins County Department of Planning (TCDP) 1974a).  The 
valley floor is a wide (1.6 km) expanse of rolling hills formed from thick glacial 
deposits that vary in texture and permeability.  The local topographic high (369 
m above mean sea level, amsl) is formed by highly permeable sand and 
gravel deposits approximately 325 m to the west of EMF (TCDP 1972).  
Bedrock consists of Genessee group and Tully limestone, 3-15 m below the 
land surface (TCDP 1974b, c).  The wetland feeds a headwater stream that 
discharges to Fall Creek, a major tributary to Cayuga Lake.  Dominant shrub 
species (>10% cover per m
2 plot) include Cornus racemosa, C. sericea, 
Rubus pubescens, and Vaccinium corymbosum.  Graminoid and herbaceous 
species include Carex prairea, Impatiens capensis, Solidago gigantea and 
Onoclea sensibilis.  In the down-gradient, open fen area, dominants include 
Dasiphora floribunda, Solidago uliginosa, Thelypteris palustris, Carex prairea, 
(EMF5 and EMF6).  Tables 2-1 and 2-2 summarize significant landscape and 
climatic factors that influence the hydrology at EMF and the other study sites. 
Pumpkin Hollow (PH) fen (Navarino, New York:  42.964°N, 76.287°W; 
WGS84) is 380 m down-gradient of a topographic ridge formed by a steep 
shale-dominated outcrop (Hutton and Rice 1977), and the local topographic 
high (341 m amsl) occurs 805 m south of the site (Figure 2-3).  The valley floor 
elevation is 201 m amsl.  Soils adjacent to the bedrock outcrop and PH consist  
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Cayuga Lake
Onondaga Lake
Figure 2-1.  Regional location of study sites.  Rich fen sites included East 
Malloryville Fen (EMF), Pumpkin Hollow (PH), and Junius Pond (JP).  The 
poor fen was Rainbow Shores Fen (RSF). 
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Figure 2-2.  Topography and sampling locations at East 
Malloryville Fen (EMF).   28
 
Table 2-1.  Location and landscape characteristics of study sites.  
Topographic indices were calculated based on the ratio of relief between 
the fen and the highest elevation along its watershed divide and distance 
from the fen/wetland edge to that maximum elevation. 
Site  Acronym NY  Location  Watershed 
Size (km
2) 
Topographic 
Index 
East 
Malloryville 
Fen 
EMF Groton  0.02  0.08 
Pumpkin 
Hollow  PH Marcellus  0.5 0.16 
Junius 
Pond  JP North  Geneva  0.12  0.09 
Rainbow 
Shores 
Fen 
RSF Pulaski  0.05  0.08 
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Table 2-2.  Geology, long-term climatic trends, and 2002 weather summary. 
Site  Surficial 
Deposits
1 Bedrock
2
Long Term 
Mean and 
Range of 
Annual 
Precipitation 
(mm) 
2002 Annual 
and Extreme 
Monthly 
Precipitation 
Totals (mm) 
May – Oct 
Monthly 
Average 
Temperature 
Range (°C) 
EMF  Kame 
moraine 
West River 
and 
Cashaqua 
Shales 
838.2
3
732 – 1016 
973
4
Jun: 179 
Jul: 33 
Sep: 161 
6.1 (May) 
27.2 (July) 
PH 
Sand & 
gravel 
outwash 
Oriskany 
Sandstone 
Skaneateles 
Shale & 
Limestone 
938.4
5
889 - 1016 
755
6
Jul: 20 
May/Sep: 125 
13.9 (May) 
21.7 (July)
5
JP 
Kame 
moraine, 
Lacustrine 
sand, 
Till 
moraine 
Akron 
dolostone, 
Syracuse 
shale/salt/gy
psum 
evaporates 
820.4
7
812 - 864  807.2
8 7.8 (May) 
26.7 (July) 
RSF 
Kame 
moraine, 
Dunes, 
Till 
Pulaski 
siltstone and 
shale 
1101.7
9
1016 - 1143
10
1080.8
11
Jul: 18 
May: 170 
7.8 (May) 
25.6 (July) 
 
1 Cadwell, D.C. et al. 1991 
2 Rickard and Fisher 1970 
3 Neeley 1965 
4 NRCC Data, Freeville, NY, 2004 
5 NOAA NCDC GHCN, 2004 
6 NRCC, Aurora Farm Station, NY 2004 
7 Hutton 1972 
8 NRCC, Geneva Research Station, 2004 
9 NCDC Cooperative Weather Station, Pulaski, NY, 2004 
10 Rapparlie, 1981 
11 NRCC, Oswego, NY 2004 
 
  
 
30
 
 
Figure 2-3.  Topography and sampling locations at Pumpkin Hollow (PH).   31
of deep, moderately well-drained silt loams formed in recent alluvial deposits 
(Hutton and Rice 1977).  The water table typically occurs within 1 m of the 
land surface (Hutton and Rice 1977).  The wetland complex provides 
headwater to the West River, a tributary of Onondaga Lake.  Near the fen 
margin (PH1 – PH3), dominant plant species include Frangula alnus, Fraxinus 
americana, Populus tremuloides, Osmunda sensibilis, and Symplocarpus 
foetidus.  Mid-gradient (PH4 – PH6) dominants include Thuja occidentalis, 
Eupatorium maculatum, Equisetum fluviatile, Lythrum salicaria, Typha 
angustifolia, and T. glauca.  Down-gradient, open fen (PH7 – PH10) 
dominants include Cornus. sericea, E. maculatum, Salix discolor, Solidago 
patula, S. uliginosa, Thelypteris palustris, Carex  flava, T. angustifolia, and E. 
fluviatile.  Moss cover is densest at PH3, PH4, and PH5; also PH8 and PH9. 
Junius Pond (JP) fen (Waterloo, New York:  42.956°N, 76.949°W; 
WGS84) occurs adjacent to a deep (> 8 m) pond, which is predominantly 
supplied by ground water (Pendl and Stewart 1986) and drains north to Lake 
Ontario (Figure 2-4).  The pond elevation is approximately 144 m amsl.  A 
perennial spring-fed stream diffuses out across the fen area.  The topographic 
high (169 m amsl) occurs 460 m southeast of the site.  Soils within the local 
watershed consist of loamy fine sands overlying a gravel stratum cemented 
with lime at depths more than 2 m below the land surface (Hutton 1972).  
Bedrock depths range between 1 to 25 m below the land surface, consisting 
mainly of Silurian dolostone, gypsum and shale (Rickard and Fisher 1970).  In 
the up-gradient area (JP1 – JP2), dominant plant species include Apios 
americana, E. maculatum, Lindera benzoin, O. sensibilis, and S. foetidus.  In 
the transition zone to the open fen (JP3 and JP4), additional dominants 
include Morella pensylvanica, Parthenocissus quinquefolia, Toxicodendron  
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Figure 2-4.  Topography and sampling locations at Junius Pond (JP) fen. 
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vernix, and O. regalis.  Open fen (JP5 – JP11) dominants include D. 
floribunda, Sarracenia purpurea, and Eleocharis rostellata.   Dense moss 
cover occurs at JP6 – JP9. 
Rainbow Shores Fen (RSF; Richland, New York: 43.616°N, 76.195°W; 
WGS84) is protected by a bay bar formed of glacial till and sand deposits 
along the eastern Lake Ontario shoreline (Figure 2-5).  Elevations range from 
75.5 m in the open fen area to 115 m amsl in the surrounding upland areas.  
Topographic relief arises primarily from kettle, kame, and esker moraine 
deposits (Sutton et al. 1972).  Less permeable lacustrine sediments 
predominate in the low-lying areas surrounding RSF, though intermittent sand 
and gravel deposits also occur (Rapparlie 1981).  The site is located near the 
interface of two major geologic formations: the younger, less resistant 
siltstones and shales of the Ordovician Lorraine Group and the more resistant 
limestones of the Black River and Trenton groups (Sutton et al. 1972).  
Vegetation at RSF grades from an Alnus-dominated assemblage to a low-
shrub bog-like assemblage.  Plant species at both ends of the ground-water 
transect are more similar than interior sampling points (RSF3 and RSF4).  At 
these distant locations, dominants include Alnus incana, Chamaedaphne 
calyculata, and O. regalis.  Mid-gradient dominants included Acer rubrum, 
Photinia melanocarpa, Woodwardia virginica, and V. oxycoccus.  The area of 
moss cover is highest at RSF2 – RSF4. 
 
Field Instrumentation and Monitoring:
A transect of nested piezometers, each set approximately 10 m apart, 
was installed parallel to GWF, extending from the wetland edge to the fen 
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  Figure 2-5. Topography and sampling locations at Rainbow Shores Fen (RSF). 
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interior.  Piezometers were set at depths ranging from 0.5 m to 3 m and placed 
within 1 m of each other laterally.  Piezometers were constructed either of 1.25 
cm inside-diameter (ID) plastic vinyl chloride (PVC) pipe or 3.2 cm ID PVC, 
with 0.10 m screens slotted at 0.06 m intervals.  Water-table wells were 
similarly constructed; screens extended 0.5 m below the land surface.  All 
wells were capped at the bottom with a plastic point and hand driven to the 
prescribed depth similar to methods described by Chason and Siegel (1986).  
Deep wells were installed to the maximum depth penetrable using a well 
driver.  At some locations, deep (>1 m) wells were installed by tapping the 
piezometer casing with a sledge hammer, enabling an additional 0.5 – 1.5 m 
of penetration into the mineral substrate underlying the organic-rich soil 
horizons.  Lysimeters, constructed of 3.2 cm ID PVC with 0.15 m screens, 
were installed to collect water from the plant rooting zone (0.05 – 0.20 m). 
Sampling wells were geo-referenced to a local benchmark, which was set 
at an elevation relative to mean sea level based on inspection of USGS 7.5 
minute topographic maps.  Standard surveying techniques were used to 
measure the absolute elevation of each well within 0.01 m accuracy and a 
hand-held Garmin76 GPS unit was used to locate each cluster within 2 m of 
actual location.  Peat stratigraphy and the underlying mineral substrate 
composition were characterized using a Macauley/Russian (Eijkelkamp) peat 
and mineral soil auger.   
Water level depths were measured manually approximately bi-weekly to 
monthly.  Digital data loggers (TruTrack) recorded hourly water levels at 2 to 9 
locations along each transect.  Precipitation data were collected at each site 
using a tipping bucket rain gauge and Hobo event-driven data loggers. 
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Two adaptations of the slug test (Hvorslev 1951) were used to estimate 
average vertical and horizontal hydraulic conductivity (Kvh).  For observation 
wells with observable recharge rates (i.e., within a field visit), the entire water 
volume was removed and rising water levels were measured manually through 
time.  In wells with excessively slow recharge, TruTrack data loggers were set 
as slugs and equilibrating water levels were recorded at 30 second intervals.  
Average Kvh estimates are based on assumptions of steady state flow and 
isotropy.  Given the characteristic layering of peat materials through time, error 
in the second assumption may lead to underestimates of horizontal K and 
overestimates of vertical Kv (Almendinger and Leete 1998a). 
 
Water Sampling and Analyses: 
Two or three water sampling efforts were conducted at each site between 
June and October 2002.  Prior to sampling and within 24 hours, wells were 
purged dry or at least one volume of standing water was removed.  Negative-
pressure hand pumps attached to dedicated tygon tubing were used to extract 
water.  Samples were collected in pre-washed polyethylene bottles, which 
were stored filled with ultra-pure deionized water and field-rinsed three times 
before filling to capacity (i.e., no head-space) with sample volume.  Electrical 
conductivity (EC), pH, and temperature were determined in the field using an 
Orion Model 160 portable pH meter and Fisher-Scientific Model EC meter.  
Samples were stored on ice until returning to the laboratory.  Within 24 hours 
of collection, samples were filtered by vacuum pressure using 47 mm 0.45 um 
Millipore membrane filters and stored at 4°C until analysis.  Alkalinity was 
determined on filtered and unfiltered samples as mg CaCO3 based on titration 
to pH 4.5 (AWWA Method 2320B).  A sub-sample of filtered water was 
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acidified with nitric acid to pH <2 and analyzed for total elemental content by 
mass spectroscopy (US-EPA method 3020).  Anions, including SO4
2-, NO3
-, 
chloride (Cl
-), and phosphate (PO4
-3) were analyzed using a Dionex 4000 ion 
chromatograph (AWWA Method 4110B).  Ammonium was determined 
colorimetrically using the phenate method (AWWA method 418C).   
 
Data Interpretation:
Hydrogeologic cross-sections were constructed from the coring and 
water-level data.  Horizontal hydraulic gradients were estimated based on the 
difference in water table elevation between the most distant sampling locations 
and their distance apart (m•m
-1).  Vertical hydraulic gradients were determined 
by comparing the 0.5 m well and the deepest well at a location: differences in 
water level elevation were divided by the elevation difference between the 
midpoints of the piezometer screens.  Water quality data were plotted on 
scaled, rectangular cross-sections using Surfer 8.0 (Golden Software, Inc. 
2002).  These abstract plots do not display the stratigraphy of the site nor 
compare directly with the hydrogeologic cross-sections.  Contour maps 
indicate, however, gross patterns of the dissolved mineral concentrations. 
Log saturation indices (SI) for potentially active minerals were calculated 
using PHREEQC Version 2.8 (Parkhurst and Appelo 1999).  Tables 2-3 and 2-
4 highlight potentially important redox and geochemical reactions considered 
in this study.  Box plots were used to identify which geochemical reactions 
likely influence pore water chemistry at each site.   
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Table 2-3.  Potentially important oxidation-reduction processes in wetland 
soils (Freeze and Cherry 1979, Drever 1988, Mitsch and Gosselink 2000). 
Process Reaction 
Denitrification  2.5Corganic + 2NO3
- + 2H
+  →  N2  + 2.5CO2 + H2O 
Deamination of amino 
acids  NH3  +  H2O  +  CO2  →  NH4
+  +  HCO3
-
 
Manganese (IV) reduction  CH2O + 2MnO2(s) + 3H
+  →  2Mn
2+ + HCO3
-  +  2H2O 
Iron (III) reduction  CH2O + 4Fe(OH)3(s) + 7H
+ → 4Fe
2+ + HCO3
- + 
10H2O 
Sulfate reduction  2CH2O  +  SO4
2-  →  HCO3
-  +  HS
-  +  H2O  + CO2
Fermentation  2 CH2O + 2H2O  →  CO2  +  CH4
 
 
Table 2-4.  Potentially important geochemical processes in wetland soils 
(Stumm and Morgan 1996; Deutsch 1997). 
Mineral Reaction 
Anhydrite 
− + + =
2
4
2
4 SO Ca CaSO  
Aragonite 
− + + ↔
2
3
2
3 CO Ca CaCO  
Calcite 
[CaCO3] 
− + + + ↔ 3
2
3 HCO Ca CaHCO  
Dolomite 
[CaMg(CO3)2] 
− + + + ↔
2
3
2 2
2 3 2 ) ( CO Mg Ca CO CaMg  
Ferrihydrite 
[Fe(OH)3]  ( ) O H Fe H OH Fe 2
3
3 3 3 + ↔ +
+ +  
Gibbsite 
[Al(OH)3]  O H Al OH Al 2
3
3 3 ) ( + ↔
+  
Goethite 
[FeOOH]  O H Fe H FeOOH 2
3 2 3 + ↔ +
+ +  
Gypsum 
[CaSO4•2H20]  O H SO Ca O H CaSO 2
2
4
2
2 4 2 2 + + = •
− +  
Siderite 
[FeCO3]  3
2
3
2 FeCO CO Fe ↔ +
− +  
Vivivinite  ) ( 8 ) ( 2 4 2 ) ( 2 2 4 3 4 2 4 3 s O H PO Fe e H PO H s O Fe • ↔ + +
− + −
Pyrite [FeS2] 
+ − + + + ↔ + + H SO Fe O H O s FeS 2 2 2
7 ) (
2
4
2
2 2 2  
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Results: 
Basin Morphometry and Wetland Stratigraphy 
At EMF, the transect length was 75 m, and surface relief decreased from 
338.4 to 336.9 m amsl between EMF1 and EMF3 and remained constant 
between EMF3 and EMF7.  Peat depths increased from less than 0.1 m at the 
fen edge (EMF1) to 1.3 m mid-gradient (EMF5) and then decreased to 1.1 m 
near the stream (EMF7) (Figure 2-6).  At EMF1 and EMF2, a silty loam layer 
approximately 0.3 m thick isolated surface peat from an underlying sand layer, 
which was at least 1.7 m thick.  In the open fen area (EMF5 and EMF6), a 
hard-pan aquitard separated the peat from a chalky, slurrious stratum at least 
1.2 m thick, and induced artesian flow from the underlying aquifer. 
At PH, the transect length was 85 m.  Survey measures confirmed 
previous results indicating more complex topography than observed at other 
sites.  Land surface elevations decreased from the fen edge at PH1 (208.16 m 
amsl) to PH4 (207.19 m amsl), increased to PH5 (207.5 m amsl), and 
decreased to PH10 (206.7 m amsl).  Auger data also revealed a complex 
stratigraphy associated with undulations in the topography of the subsurface 
drift (Figure 2-7).  Peat depths increased from <0.1 m at PH1 to 1.4 m at PH3.  
Beyond PH3, peat depths decreased to less than 0.5 m, and then again 
increased to more than 2.5 m at PH9.  The peat depth at the interior cluster 
(PH10) was less than 0.5 m.  A silt loam or clay layer at least 0.5 to 1.5 m thick 
underlies most of the sampling locations.  Deep cores indicated a sandy loam, 
at least 0.7 m thick, underlies the silt loam and clay layers.   
At JP, the transect length was 130 m, and surface relief decreased from 
144.94 m (JP1) to 144.09 m (JP11).  Peat depths increased from less than 0.5 
m at JP1 to 1.5 m at JP3 (Figure 2-8).  A silt layer at least 1 m thick underlies  
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Figure 2-6.  East Malloryville Fen (EMF) soil stratigraphy.  All depths 
are meters (m) relative to land surface at the up-gradient transect 
location (EMF1).  The bottom of each core indicates the maximum 
depth penetrated using a hand auger. 
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Figure 2-7.  Pumpkin Hollow (PH) fen soil stratigraphy.  All depths are 
meters (m) relative to land surface at the up-gradient transect location 
(PH1).  The bottom of each core indicates the maximum depth 
penetrated using a hand auger.  
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Figure 2-8.  Junius Pond (JP) fen soil stratigraphy.  All depths are 
meters (m) relative to land surface at the up-gradient transect location 
(JP1).  The bottom of each core indicates the maximum depth 
penetrated using a hand auger.   43
this area.  Beyond JP3, peat depths decreased from 0.7 m at JP4 to less than 
0.1 m at JP11.  Organic matter content visibly decreased while carbonate 
precipitates increased.  A silty-clayey textured calcium-carbonate layer 0.5 to 
1.6 m thick occurred beneath the organic-rich soils.  Underlying the dense 
carbonates was a marl-slurry with a thickness of at least 1.5 m. 
Surface topography at RSF was similar to a raised bog.  The transect 
length was 105 m.  Surface elevations decreased from 75.7 m amsl at the fen 
margin to 75.6 m at the transect mid-point (RSF3) and then increased to 75.85 
in the middle of the complex (RSF5).  Peat thickness increased from 2.2 m at 
RSF1 to 3.4 m at RSF5 (Figure 2-9).  A dense, continuous, lacustrine clay 
layer at least 0.3 m thick underlies the site.  
 
Hydrologic Patterns 
Hydrometric measures indicated that, in rich fens, local ground water 
flowed laterally from the fen margin and intersected larger-scaled ground-
water discharge in interior areas.  In the poor fen, lateral flow from the fen 
edge predominantly influenced shallow pore water chemistry across the entire 
site.  Topography of the underlying mineral substrate and hydraulic 
conductivity of the peat and underlying drift materials controlled ground-water 
interactions.  This was most pronounced at PH where 0.5 – 2.0 m undulations 
in the underlying mineral surface and changes in soil texture corresponded 
with ground-water discharge zones.   
At EMF, local and intermediate-scaled ground-water interactions 
stabilized WT fluctuations in the open fen area (i.e., between EMF3 and 
EMF7; Figure 2-10a, b): water table fluctuations decreased from more than 0.6 
m at the wetland edge (EMF1) to less than 0.1 m in the open fen area.  At  
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Figure 2-9.  Rainbow Shores Fen (RSF) soil stratigraphy.  All depths 
are meters (m) relative to land surface at the up-gradient transect 
location (RSF1).  The bottom of each core indicates the maximum 
depth penetrated using a hand auger.  
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Figure 2-10.  2002 Hydraulic head measures at East Malloryville Fen 
(EMF).  A) Mean, maximum, and minimum head measures observed 
from May-October.  B)  Hydrologic cross-section.  Dotted lines 
represent equipotential contours (0.2 m interval) based on mean water 
levels observed May through October, 2002.  Arrows indicate 
approximate flow direction only and are not proportional to flow rate.  
Vertical exaggeration: ~9x.   46
EMF5, where the strongest influence of deep ground-water occurred, vertical 
discharge gradients ranged between 0.29 and 0.38 m•m
-1.  Hydraulic 
conductivity measures ranged, in the shallow peat, between 7•10
-4 and 5•10
-3 
cm•sec
-1; in the deep peat (1.0 m piezometers), between 6•10
-6 and 7•10
-4 
cm•sec
-1; and in the sub-peat (deep piezometers), between 3•10
-4 and 3•10
-3 
cm•sec
-1.  Combining the WT gradient (0.02 and 0.04 m•m
-1) and shallow 
hydraulic conductivity data while assuming an effective porosity of 0.2 
suggested an average seepage velocity between 0.01 and 0.2 m•day
-1 across 
the fen area.   
Ground-water flow at PH was more complex, due to variation in peat 
depths, but general patterns were similar to EMF (Figure 2-11a, b).  Water 
table fluctuations were greatest near the wetland edge (PH1: 0.85 m) and 
decreased to less than 0.1 m where multi-scaled ground water discharge 
maintained saturation of the shallow peat (i.e., where peat depths increased to 
more than 1 m, between PH1 and PH4 and between PH8 and PH10).  
Throughout the growing season, the water table gradient remained at 0.01 
m•m
-1.  The strongest vertical gradients (-0.02 m•m
-1 to 0.10 m•m
-1) occurred  
in the open fen.  Limited hydraulic conductivity measures (n = 2) in the shallow 
peat ranged between 1 and 2•10
-5 cm•sec
-1; deeper estimates (n = 7) ranged 
between 2•10
-5 and 7•10
-3 cm•sec
-1.  Resulting seepage velocity estimates 
ranged between of 1•10
-4 to 6•10
-2 m•day
-1.   
Hydrologic data from JP also indicated interaction between multi-scaled 
ground-water systems, but the significance was limited by the low hydraulic 
conductivity of the marl-dominated soils that occurred across the open fen 
area (Figure 2-12a, b).  Water table fluctuations decreased from 0.15 m near 
the wetland edge to less than 0.02 m in the open fen area, and increased near  
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Figure 2-11.  2002 Hydraulic head measures at Pumpkin Hollow (PH) 
fen.  A) Mean, maximum, and minimum head measures observed from 
May-October.  B)  Hydrologic cross-section.  Dotted lines represent 
equipotential contours (0.2 m interval) based on mean water levels 
observed May through October, 2002.  Arrows indicate approximate 
flow direction only and are not proportional to flow rate.  Vertical 
exaggeration: ~10x.  
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Figure 2-12.  2002 Hydraulic head measures at Junius Pond (JP) fen.  
A) Mean, maximum, and minimum head measures observed from May-
October.  B)  Hydrologic cross-section.  Dotted lines represent 
equipotential contours (0.2 m interval) based on mean water levels 
observed May through October, 2002.  Arrows indicate approximate 
flow direction only and are not proportional to flow rate.  Vertical 
exaggeration: ~13x.   49
the pond (0.11 m).  Hydrometric data indicated the interface of a local flow 
system that predominantly influenced up-gradient clusters (JP1 - JP3) and a 
deeper ground water system that influenced shallow locations in the open fen 
area (JP4 – JP10).  The WT gradient (0.005 m•m
-1) and hydraulic conductivity 
estimates of 1–7• 10
-5 cm•sec
-1 suggested seepage rates varied between 
2•10
-4 and 2•10
-3 m•day
-1.  At JP4, JP5, and JP6, where the strongest 
discharge from intermediate-scaled ground-water occurred, vertical hydraulic 
gradients ranged between 0.01 and 0.09 m•m
-1. 
Hydrologic patterns in the poor fen (RSF) contrasted those observed in 
the rich fens (Figure 2-13a, b).  Water table elevations in the up-gradient 
cluster decreased 0.2 m over the growing season and the lowest water table 
elevation usually occurred mid-gradient at RSF3.  By late summer, however, 
the WT at RSF5 dropped 0.45 m, resulting in a steeper WT gradient from 
RSF1 to RSF5.  Across most of the study area, vertical gradients reversed 
from a discharge gradient (0.03 m•m
-1) when the highest water table occurred, 
to a recharge gradient (0.01 m•m
-1) late in the growing season when the water 
table had dropped.  Discharge intensified during drawdown events at the fen 
interior (RSF5 vertical gradient: 0.01 to 0.16 m•m
-1).  Similar to the rich fens, 
ground water moved laterally from the margin to the fen interior.  There also 
was evidence of intermediate-scaled ground-water discharge, but shallow 
hydraulic gradients and low conductivity of the peat and clay indicated 
extremely slow seepage velocities that limited the extent to which deeper, 
more mineral-rich ground water could influence the plant rooting zone.  The 
WT gradient across the site ranged between 0.00 and 0.01 m•m
-1.  Assuming 
the peat Kvh ranges between 10
-6 and 10
-4 cm•sec
-1, and an effective porosity  
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Figure 2-10.  2002 Hydraulic head measures at Rainbow Shores Fen 
(RSF).  A) Mean, maximum, and minimum head measures observed 
from May-October.  B)  Hydrologic cross-section.  Dotted lines 
represent equipotential contours (0.2 m interval) based on mean water 
levels observed May through October, 2002.  Arrows indicate 
approximate flow direction only and are not proportional to flow rate.  
Vertical exaggeration: ~12x.   51
of 0.2, horizontal ground water flow estimates ranged between 1•10
-8 and 
2•10
-6 m•day
-1. 
Seasonal and Short-Term Weather Effects 
Continuous hourly data revealed daily WT fluctuations, which intensified 
with evapotranspiration and weakened after rainfall.  The magnitude of 
fluctuation depended on the Kvh of the shallow soils.  In more permeable soils, 
(Kvh range: 7•10
-4 to 5•10
-3 cm•sec
-1), daily water-table fluctuations increased 
to as much as 0.09 m during periods without rainfall.  In less permeable soils 
(Kvh range: 1•10
-5 to 7•10
-5 cm•sec
-1), the fluctuation range was less than 0.03 
m per day.  Up-gradient wells responded more immediately to short-term 
weather events, with WT increases as much as 0.3 m.   
Short-term weather patterns affected wetland function.  Between rain 
events, a net discharge function was observed.  The timing of the maximum 
water level in the deep well at a given location was offset from the maximum 
observed WT elevation by 6 to 12 hours, indicating that vertical gradients 
changed diurnally as well.  Following rain events, hydrometric measures 
indicated net lateral flow:  hydraulic head in the WT and deep wells were 
similar and the diurnal fluctuations were more subdued and synchronous. 
Hourly data from EMF indicated WT fluctuations were similar in 
magnitude between the fen margin and interior area (i.e., EMF1 and EMF5), 
but the hydrographs indicated different mechanisms affected water-table 
elevation (Figure 2-14).  The data logger in the up-gradient well responded 
more to rainfall events and prolonged dry periods, but did not record significant 
daily fluctuations associated with evapotranspiration.  In contrast, the daily 
mean water level in the open fen area (EMF5) did not change, but the data 
logger registered a diurnal fluctuation, varying between 0.02 and 0.1 m each  
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day.  Rain events generally dampened the pattern (e.g., August 19, 2002).  
The most stable water table occurred at EMF7, adjacent to the headwater 
stream.  Piezometric head in the 1.0 m wells responded strongly to rain events 
and fluctuated over a much greater range (0.5 m) at the fen margin (EMF1).  
In the interior fen area, piezometric head from the 1.0-m well were similar to 
the WT pattern.   
Limited continuous data collected at PH confirmed seasonal and daily 
weather effects on wetland function and WT elevation (Figure 2-15).  Spring 
and early summer recordings (prior to July 28) indicated a discharge gradient, 
whereas a predominant recharge gradient was observed later in the summer.  
Daily fluctuations occurred in response to rain events (e.g., Sept 15, 2002) or 
evapotranspiration.  At the mid-gradient location (PH6), constant discharge 
and minimal daily WT fluctuations were observed.  Diurnal WT fluctuations 
occurred only during the late summer dry period.  Hydraulic head in the deep 
piezometer was constant on a day-to-day basis, but declined throughout the 
summer in parallel with up-gradient WT.   
At JP, hourly data indicated a stronger discharge gradient occurred in the 
open fen when the WT was higher near the wetland edge (Figure 2-16).  This 
was especially evident during the spring and following significant precipitation 
events (i.e., more than 10 mm per hour rainfall).  Similar to EMF and PH, 
diurnal fluctuations were evident during dry periods, but the range of 
fluctuation in the marl fen was lower (less than 0.03 cm•day
-1) than observed 
in the rich fens with organic-rich substrates. 
Hourly data from the poor fen indicated a weak diurnal pattern (variation 
less than one cm per day) that was also dampened by rain events (Figure 2-
17).  Data loggers confirmed the steep (> 50 cm) water table decline in  
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August.  Rain events caused a slight increase in the measured water level 
(e.g., Sept 28), but collected water seeped out of the well within 4 to 9 days.   
 
Hydrochemical Patterns 
Hydrochemical gradients conformed to observed flow patterns and 
indicated that multiple ground-water sources influenced biogeochemical 
processes across the rich fen sites (Tables 2-4 through 2-6; Figures 2-18 
through 2-24).  Ground water enriched with NO3
- and SO4
2- induced redox 
gradients that extended over meter-scaled areas.  Elevated NO3
- (> 0.02 
meq/L) occurred only in up-gradient, sub-peat wells.  Reduced ferrous iron (as 
much as 0.07 meq/L) was measurable only in organic-rich discharge zones.  
The highest sulfate concentrations co-occurred with intermediate-scaled 
ground-water discharge in down-gradient, sub-peat wells (0.2 – 1.14 meq/L); 
concentrations decreased to less than 0.1 meq/L as ground water moved 
through organic-rich soils.  With increasing anoxia, shallow pore water 
bicarbonate (HCO3
-) and calcium (Ca
2+) increased from 2.64 meq/L and 2.51 
meq/L, respectively, to 7.41 meq/L and 5.84 meq/L respectively.  The intensity 
of redox and carbonate gradients increased during drier sampling periods. 
Distinct hydrochemical patterns were also observed in the poor fen, 
despite the dilute water chemistry (Table 2-7; Figures 2-25, 2-26).  Similar to 
the rich fen sites, NO3
- occurred only in the up-gradient (RSF1) wells (range: 
0.002 - 0.003 meq/L).  In contrast, however, interior water samples indicated 
NH4
+ accumulation in deep (>0.5 m) peat (range: 0.05 – 0.40 meq NH4
+/L); 
whereas rich fen NH4
+ concentrations did not exceed 0.05 meq/L NH4
+/L.  
Dissolved iron was also much higher in the poor fen (range 0.03 ± 0.003 meq 
Fe
2+/L), with the highest concentrations occurring in deep wells.  Finally,  
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Figure 2-18.  Vertical cross-section contour plots of East Malloryville Fen 
water samples collected on July 15, 2002.  The x-axis represents distance 
from up-gradient well.  The y-axis represents depth below land surface.  
Cross-sections include A) nitrate; B) dissolved iron; C) dissolved sulfate; D) 
bicarbonate; and E) dissolved calcium.  All concentrations are in meq/L 
(equivalent mg/L concentration indicated in parenthesis).  
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Figure 2-19.  Vertical cross-section contour plots of East Malloryville Fen 
water samples collected on September 17, 2002.  The x-axis represents 
distance from up-gradient well.  The y-axis represents depth below land 
surface.  Cross-sections include A) nitrate; B) dissolved iron; C) dissolved 
sulfate; D) bicarbonate; and E) dissolved calcium.  All concentrations are in 
meq/L (equivalent mg/L concentration indicated in parenthesis).  
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Figure 2-20.  Vertical cross-section contour plots of Pumpkin Hollow fen water 
samples collected on June 15, 2002.  The x-axis represents distance from up-
gradient well.  The y-axis represents depth below land surface.  Cross-
sections include A) nitrate; B) dissolved iron; C) dissolved sulfate; D) 
bicarbonate; and E) dissolved calcium.  All concentrations are in meq/L 
(equivalent mg/L concentration indicated in parenthesis).  
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Figure 2-21.  Vertical cross-section contour plots of Pumkin Hollow fen water 
samples collected on July 23, 2002.  The x-axis represents distance from up-
gradient well.  The y-axis represents depth below land surface.  Cross-
sections include A) nitrate; B) dissolved iron; C) dissolved sulfate; D) 
bicarbonate; and E) dissolved calcium.  All concentrations are in meq/L 
(equivalent mg/L concentration indicated in parenthesis).  
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Figure 2-22.  Vertical cross-section contour plots of Pumpkin Hollow fen water 
samples collected on September 26, 2002.  The x-axis represents distance 
from up-gradient well.  The y-axis represents depth below land surface.  
Cross-sections include A) nitrate; B) dissolved iron; C) dissolved sulfate; D) 
bicarbonate; and E) dissolved calcium.  All concentrations are in meq/L 
(equivalent mg/L concentration indicated in parenthesis).  
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Figure 2-23.  Vertical cross-section contour plots of Junius Pond fen water 
samples collected on June 18, 2002.  The x-axis represents distance from up-
gradient well.  The y-axis represents depth below land surface.  Cross-
sections include A) nitrate; B) dissolved iron; C) dissolved sulfate; D) 
bicarbonate; and E) dissolved calcium.  All concentrations are in meq/L 
(equivalent mg/L concentration indicated in parenthesis).  
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Figure 2-24.  Vertical cross-section contour plots of Junius Pond fen water 
samples collected on July 31, 2002.  The x-axis represents distance from up-
gradient well.  The y-axis represents depth below land surface.  Cross-
sections include A) nitrate; B) dissolved iron; C) dissolved sulfate; D) 
bicarbonate; and E) dissolved calcium.  All concentrations are in meq/L 
(equivalent mg/L concentration indicated in parenthesis).  
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Figure 2-25.  Vertical cross-section contour plots of Rainbow Shores Fen 
water samples collected on June 24, 2002.  The x-axis represents distance 
from up-gradient well.  The y-axis represents depth below land surface.  
Cross-sections include A) nitrate; B) dissolved iron; C) dissolved sulfate; D) 
bicarbonate; and E) dissolved calcium.  All concentrations are in meq/L 
(equivalent mg/L concentration indicated in parenthesis).  
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Figure 2-26.  Vertical cross-section contour plots of Rainbow Shores Fen 
water samples collected on August 7, 2002.  The x-axis represents distance 
from up-gradient well.  The y-axis represents depth below land surface.  
Cross-sections include A) nitrate; B) dissolved iron; C) dissolved sulfate; D) 
bicarbonate; and E) dissolved calcium.  All concentrations are in meq/L 
(equivalent mg/L concentration indicated in parenthesis.   75
In contrast to the three rich fens, there was no evidence indicating that SO4
+ 
reduction significantly affected pore water chemistry.  Sulfate ranged between 
0.00 and 0.12 meq/L and HCO3
-, and Ca
2+ concentrations decreased along 
the sample transect.   
Assessment of Geochemical Processes 
Geochemical analysis indicated similarities among the rich fens distinct 
from the poor fen (Figure 2-27).  Significant changes in SI estimates (i.e., 
designation as sub-saturated (net dissolution), supersaturated (net 
precipitation), or at equilibrium (dissolution equivalent to precipitation)) 
corresponded with spatial hydro-chemical gradients.  Results suggested a 
strong potential for calcium and iron dynamics to influence pore-water and soil 
concentrations, especially aragonite, dolomite, and siderite dynamics.  
Aragonite saturation indices (SI’s) indicated equilibrium conditions in most 
samples (log S.I. range: -0.4 to 0.4), but open fen samples indicated stronger 
potential for net dissolution (log S.I. range: -1.8 to -0.4).  Net precipitation was 
indicated only at the marl fen (log S.I. range: 0.4 to 0.75).  Saturation indices 
for dolomite were more variable among sample dates and between sites.  
Siderite indices suggested net dissolution in sub-peat wells (log S.I. range: -
2.6 to -0.5) and near equilibrium conditions in the plant rooting zone.  In 
contrast to the rich fens, only goethite had the potential to influence pore-water 
chemistry in the poor fen.  Up-gradient and sub-peat samples indicated super 
saturation (log S.I. range: 0.6 – 2.9), while shallow, down-gradient samples 
indicated equilibrium conditions or sub saturation (log S.I. range: -1.3 to 0.0).   
Bivariate scatter plots confirmed the importance of carbonate and iron 
mineral processes in rich fens (Figures 2-28 through 2-31).  At all three rich  
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Figure 2-27.  Calculated saturation indices of calcium and iron minerals which 
may influence shallow pore water geochemistry in four New York fens.  Anhyd 
= anhydrite; Argnt = aragonite; Calct = calcite; Dolmt = dolomite; FeOH3 = 
ferrihydrite; Gbbst = gibbsite; Gotht = goethite; Gypsm = gypsum; Hydrx = 
Hydroxyapatite; Sidrt = siderite; Vivnt = vivivinite; Illt = Illite.  
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Figure 2-28.  Bivariate plots of dissolved minerals in pore-water samples 
collected from East Malloryville Fen, 2002.  All concentrations are in mmol/L.  
Open circles represent shallow (0 to 0.5 m) wells; triangles represent medium 
depth (0.75 – 1.25 m) wells; and crosses represent deep wells (greater than 
1.5 m) wells.  
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Figure 2-29.  Bivariate plots of dissolved minerals in pore-water samples 
collected from Pumpkin Hollow fen, 2002.  All concentrations are in mmol/L.  
Open circles represent shallow (0 to 0.5 m) wells; triangles represent medium 
depth (0.75 – 1.25 m) wells; and crosses represent deep wells (greater than 
1.5 m) wells.  
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Figure 2-30.  Bivariate plots of dissolved minerals in pore-water samples 
collected from Junius Pond fen, 2002.  All concentrations are in mmol/L.  O
circles represent shallow (0 to 0.5 m) wells; triangles represent medium depth 
(0.75 – 1.25 m) wells; and crosses represent deep wells (greater than 1.5 m) 
wells. 
pen  
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Figure 2-31.  Bivariate plots of dissolved minerals in pore-water samples 
collected from Rainbow Shores Fen, 2002.  All concentrations are in mmol/L.  
Open circles represent shallow (0 to 0.5 m) wells; triangles represent medium 
depth (0.75 – 1.25 m) wells; and crosses represent deep wells (greater than 
1.5 m) wells.   81
fens, alkalinity increased proportionately to SO4
2-
 decline (i.e., reduction).  
Alkalinity increased most in shallow (<0.5-m) peat or where SO4
2- enriched 
ground water intersected organic-rich soils (e.g., deep peat at PH).  Further, 
Fe
2+ increased with SO4
2- reduction likely because SO4
2- reduction enhances 
iron oxide reduction and induces iron sulfide formation (Wetzel 1998).  The 
consistent 1:1 ratio of Ftotal:Stotal in reduced samples suggested that iron-
sulfide dynamics increasingly influenced pore-water quality along the GWF-
path.  None of these patterns were evident in the poor fen. 
 
Discussion: 
At the three rich fens, relatively dilute ground-water originating from the 
local hill-slope influenced the fen margin, whereas mineral-rich ground-water 
from a larger-scaled system influenced the plant rooting zone in down-gradient 
(interior) areas (Komor 1994; Boeye 1992 in Boeye et al. 1995; Almendinger 
and Leete 1998a).  The interaction between multi-scaled ground-water 
systems depended on the basin morphometry (i.e., the topography of the 
underlying drift), the stratigraphy and associated hydraulic conductivities of the 
wetland soils and underlying unconsolidated deposits, and short-term weather 
patterns.  The significance of these characteristics were evident at PH, where 
variation in topography and basin morphometry resulted in complicated GWF 
patterns, and RSF, where multi-scaled ground-water interactions were limited 
by dense, continuous clay underlying the peat.  The small-scaled interactions 
are consistent with GWF patterns across regional scales (Winter 1999). 
Despite differences in watershed size and relief, there was no observed 
association between watershed topography and the spatial extent of 
hydrochemical gradients.  Previous studies document how the landscape 
   82
setting drives regional, intermediate, and local GWF-paths and ultimately 
controls wetland hydrology (e.g., Shedlock et al. 1993; Almendinger and Leete 
1998a; Hayashi et al. 1998; Winter 1999).  In this study, watershed-wetland 
linkages were not apparent because data were not available to explicitly 
characterize interactions between upland and wetland hydrology.  However, 
the observed influx of more dilute water from the fen margin and more mineral-
rich water from intermediate-scaled ground-water systems indicates that 
nested ground-water systems are critical to sustaining rich fen habitat. 
Hourly hydrometric data indicated that nested ground-water systems 
sustain saturated conditions across fen areas by revealing the effects of  
short-term and seasonal weather.  Between rain events, diurnal fluctuations of 
hydraulic head occurred in water-table and sub-peat wells, especially during 
the height of the growing season when air temperatures were also greatest.  
Lower hydraulic conductivity of the peat/soil deposits reduced the magnitude 
of the diurnal variation and the extent of mixing between different ground-
water sources.  Rain events and falling temperatures in October and 
November also dampened the diurnal signal.  The short-term and seasonal 
influences corresponded with variation in pore-water chemistry.  Redox 
gradients and dissolved mineral concentrations increased in the rich fens later 
in the growing season after significant rainfall, suggesting stronger influence 
by large-scale ground-water discharge.  The rapid change in pore-water 
chemistry despite slow seepage rates may suggests soil pipe networks formed 
naturally increase ground-water delivery to the plant rooting zone (Holden 
2005).  In the poor fen, however, pore-water concentrations were higher 
during drier conditions.  As daily fluctuations increased, intermediate-scaled 
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ground-water discharge more significantly affected the shallow plant-rooting 
zone.  
Sequential changes in NO3
-, Fe
2+, SO4
2-, and HCO3
- concentrations 
indicated redox gradients, arising from the influence of ground water 
discharge, extended over meter-scaled areas (Hedin 1998; Carlyle and Hill 
2001).  In particular, delivery of SO4
2--enriched ground water, derived from 
GWF through shale or gypsum deposits (McBride 1994) or as a by-product of 
NO3
--reduction (Dia et al. 2000), moderated anoxia across large (meter-
scaled) areas.  Alkalinity, which is a by-product of SO4
2-
 reduction, also 
increased in down-gradient, sub-oxic areas (Kenoyer and Anderson 1989).  
Concurrent increases in calcium and bicarbonate concentrations imposed 
secondary effects on mineral dynamics. 
Geochemical analyses of pore-water samples from the rich fens 
suggested a strong potential for siderite (FeCO3) precipitation to occur where 
reduced conditions mobilized iron and CaCO3 dissolution increased pH 
(Potsma 1981).  Bivariate plots also indicated stronger influence by iron-sulfur 
reactions, similar to observations in the Everglades and European fens 
(Roden and Edmonds 1997; Lucassen et al. 2004),  Sulfides generated by 
SO4
2- reduction induced siderite dissolution and enhanced FeS and alkalinity 
formation (Gätcher and Müller 2003).  The predominant influence of iron 
reactions likely occurs because of the comparatively slow carbonate mineral 
reaction rates (Roden and Edmonds 1997) as indicated by the super 
saturation of carbonate minerals observed in this study. 
Redox processes, rather than evaporation, cation exchange, or advective 
ground-water delivery, likely enhanced Ca-mineral dissolution and increased 
total dissolved solids in the saturated organic soils.  If evaporative 
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concentration caused this increase (Peverly 1985, Vitt et al. 1994), then 
concurrent increases in other major ions, notably Na
+, also should have 
occurred (Eser and Rosen 1999).  However, Na
+ concentrations were 
relatively stable or even decreased in the shallow pore water from the wetland 
edge to the interior areas (See Figures 2-24 through 2-28).  Only in the poor 
fen did Na
+ increase concurrently with Ca
2+, especially in more open areas 
(i.e., RSF3 and RSF4), suggesting a stronger influence by evaporation.  
Cation exchange enhanced by acid rain could also explain higher dissolved 
solids in the shallow pore water (Almendinger and Leete 1998b), but shallow 
pore-water became more concentrated during dry periods and alkalinity 
increased suggesting it unlikely that acid-rain induced leaching caused the 
elevated dissolved mineral concentrations.  Hydrologic data precluded the 
influence of an additional, more mineral-rich ground-water source (e.g., 
bedrock ground water).  Instead, observed hydrochemical patterns, especially 
those of TEA concentrations, suggest microbial production of CO2 induced 
mineral dissolution (DeJonge and Villerius 1989; Komor 1994; Eser and 
Rosen 1999).  Geochemical analyses confirmed a greater potential for net 
dissolution of calcium carbonate minerals in shallow, organic-rich, but anoxic 
zones, down-gradient of areas where Fe-S dynamics were evident.  Finally, 
calculated CO2 estimates derived from pH and HCO3
- data and direct 
measurements in the shallow peat (Hayn, unpublished data) revealed high 
CO2 co-occurred with elevated total dissolved solids, again suggesting the 
importance of microbial respiration.  In addition, abundant humic acids 
prevalent in organic-rich soils also can enhance the mechanism by inhibiting 
calcite formation (Hoch et al. 1999).   
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Results countered initial expectations based on the close association 
observed between the occurrence of rich fen plant species and Ca
2+-rich 
ground water (e.g., Slack et al. 1980; Vitt and Chee 1990; Vitt 1994).  
Phosphorus co-precipitation with calcite minerals has been suggested as 
predominant mechanism affecting nutrient availability (Boyer and Wheeler 
1989; Bedford et al. 1999; Bedford and Godwin 2003).  Active calcium mineral 
formation, however, was evident only in the marl fen (i.e., JP), where Ca-
carbonate precipitates significantly contributed to the soil matrix.  Instead, iron-
sulfur reactions had greater potential for affecting plant nutrient dynamics, 
either by regulating geochemical release of P (Caraco et al. 1989; Smolders 
and Roelofs 1993; Roden and Edmonds 1997) or facilitating decomposition 
(Lamers et al. 1998; Smolders et al. 2003; Lucassen et al 2004). 
Variation in water chemistry along hydrologic gradients in each fen was 
significant enough to influence carbonate- and iron- mineral equilibria (Wassen 
et al. 1989; Dahm et al. 1998; Eser and Rosen 1999).  The interactions also 
induced stable water-table elevations (Almendinger and Leete 1998) which 
reduced hydrodynamics typically associated with regulation of nutrient 
availability in the plant rooting zone.  Resulting biogeochemical reactions can 
influence the establishment and maintenance of plants directly (e.g., induced 
toxicity) and indirectly (e.g., influencing nutrient availability) (Khoshmanesh et 
al. 1999; Mitsch and Gosselink 2000), as well as increase spatial variation in 
environmental conditions (Boeye et al. 1994).  Results suggest mechanisms 
by which hydrologic impacts from development of ground water resources 
could influence the viability of fen habitats (Thompson et al. 1992; Winter and 
LaBaugh 2003).   
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 Chapter Three 
The Influence of Multi-Scaled Ground-Water Contributions on Shallow 
Soil Properties and Phosphorus Availability in Four New York Fens 
 
Abstract:  Nutrient availability affects the establishment and maintenance of 
plant species; therefore, conserving species-rich, phosphorus (P) limited 
wetlands requires understanding the mechanisms controlling P-availability.  
Hydrochemical patterns across ground-water fed wetlands (i.e., fens), 
especially redox and carbonate gradients, can influence P-availability by 
controlling its distribution among different soil pools.  The close association 
between rich fen vegetation and pore-water calcium concentrations together 
with evidence of P-limitation suggests Ca
2+-mineral dynamics primarily control 
P-dynamics.  To investigate these linkages, shallow (5-20 cm) soil cores were 
collected along sampling transects set parallel to ground-water flow in four 
New York fens.  Samples were analyzed for bulk density (BD), percent organic 
matter (%OM), total elemental content, percent carbonate content (%CaCO3), 
and non-crystalline (amorphous) iron (Feox) and aluminum (Alox) content.  Wet 
and dry fractionations were used to characterize the distribution of inorganic P 
in different soil pools (e.g., available, labile, or recalcitrant pools).  Phosphorus 
release rates were determined using incubated anion resin bags.  Bulk density 
varied directly with total mineral content and inversely with %OM.  Bulk density 
generally decreased with distance from the wetland edge, but increased where 
peat depths were less than one meter.  Calcium carbonate did not contribute 
significantly to soil mineral composition (less than 2% of total) except at one 
fen where marl visibly formed in down-gradient areas and %CaCO3 ranged 
between 20 and 25%.  Hydrochloric acid-extracted P, used to infer Ca
2+-bound 
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P, also decreased in down-gradient areas and further suggested that P-co-
precipitation does not primarily control P-storage and P-availability.  Available 
and labile P and P-release rates decreased from the wetland edge, but 
increased where previous hydrologic studies indicated active sulfate and iron 
reduction zones.  Results indicate that the influence of ground water on iron-
sulfate redox chemistry predominantly controls P availability.  Human impacts 
affecting the quality and quantity of ground-water discharge to fens could alter 
the predominant biogeochemical processes controlling nutrient availability and 
ultimately cause the decline of rare species endemic to fens.   
 
Introduction: 
The distribution of fen plant species often is linked to the magnitude and 
duration of water table fluctuations (e.g., Keddy 1990; Casanova and Brock 
2000).  Despite clear correlations between vegetation and alkalinity/base 
cation gradients (e.g., Sjörs 1952; Vitt et al. 1975; Slack et al. 1980; Motzkin 
1994), however, only recently have we begun to understand how ground water 
affects wetland plants (Wheeler 1999).  In P-limited wetlands, such as isolated 
fens in NY state (Bailey and Bedford 2000), advective ground water flow 
(GWF) can alter nutrient cycling directly, by delivering plant and mineral 
nutrients; or indirectly, by changing key physico-chemical factors that influence 
nutrient dynamics and plant growth (Hemond and Goldman 1985).   
A large body of literature describes watershed controls on P dynamics 
(e.g., Allan et al. 1993, Soranno et al. 1996, Bennett et al. 2001), and wetlands 
are recognized as critical sinks, transformers, and sources of P (e.g., Reddy et 
al. 1999, Novak et al. 2002).  Wetlands, however, do not act as homogenous 
units affecting P dynamics (Axt and Walbridge 1999), an implicit assumption of   94
mass-balance approaches.  Assessing potential impacts of hydrologic 
alterations requires understanding how ground water affects biogeochemical 
processes across wetland environments and subsequently controls soil 
chemistry and plant nutrient availability. 
Mineral-rich ground-water discharge to organic soils can influence P-
dynamics by several mechanisms distinct from the effects of water-table 
fluctuations; this may explain why it has been difficult to identify mechanisms 
controlling P-cycling strictly along water-table gradients (e.g., Axt and 
Walbridge 1999; Kellogg and Bridgham 2003; Novak et al. 2002).  Direct 
ground-water delivery of P is minimal because of its biological and chemical 
reactivity and the prevalence of iron and aluminum in oxic, terrestrial soils 
(Richardson and Marshall 1986; Wetzel 1998).  Advective GWF, however, can 
influence P-dynamics (Carlyle and Hill 2001) by buffering anoxia (Hedin et al. 
1998; Lucassen et al. 2004) and altering pH and alkalinity (Roelofs 1991; 
House 2003).  Transformation or evolution of pore water will influence soil 
adsorption capacity and peat accumulation rates, two mechanisms that 
primarily control soil P sequestration (Richardson 1985; Richardson and 
Marshall 1986).   
The frequent association of rich fen vegetation with calcium (Ca
2+)-rich 
ground water and P-limitation (Bedford and Godwin 2003), suggests Ca
2+-P 
co-precipitation significantly affects the distribution of plant species 
(Richardson and Marshall 1986; Boyer and Wheeler 1989).  Elevated alkalinity 
(Drever 1988) and CO2 degassing at the land surface (Boyer and Wheeler 
1989, Komor 1994) enhances Ca
2+-carbonate precipitation, often producing 
visible marl deposits (e.g., Almendinger and Leete 1998; Futyma and Miller 
2001).  Reduced, alkaline environments typical of fens enhance Ca
2+-P co-  95
precipitation (Moore and Reddy 1994; House 2003), and intensify P-limitation 
across plant communities (Reddy et al. 1999). 
Despite the high organic content characteristic of fen soils and current 
evidence suggesting the importance of Ca
2+-mineral dynamics, buffered redox 
conditions sustained by ground-water supply of terminal electron acceptors 
could have a more prominent role in regulating P-availability (e.g., Lamers et 
al. 1999).  For example, influx and subsequent reduction of sulfate (SO4
2-) 
enriched-water can enhance ferric iron (Fe
3+) reduction to soluble ferrous iron 
(Fe
2+), simultaneously releasing P sorbed to iron in its oxidized state (McBride 
1994).  Sulfate reduction also promotes P mobilization by inducing formation of 
more stable iron-sulfide minerals, which do not bind P (Caraco et al. 1989; 
Smolders et al. 2003).  A third mechanism by which redox conditions can 
influence P-availability is by increasing alkalinity.  Bicarbonate delivered in 
ground water and produced in biogeochemical redox reactions can enhance P-
availability by stimulating mineralization and increasing internal nutrient release 
rates (Curtis 1989; Roelofs 1991; Brouwer et al. 1999; Lamers et al. 2001: 
Lucassen et al. 2004).  This effect has been attributed to pH buffering (Lamers 
et al. 1998; Smolders et al. 2003) and inhibition of P sorption onto iron oxides 
in sediments (Hawke et al. 1989; Moore and Reddy 1994).   
Although inorganic P constitutes a small proportion of total P content in 
organic soils (McBride 1994), its high reactivity (Roden and Edmonds 1997) 
renders it biologically important (Darke and Walbridge 2000).  The reactivity 
may be a result of the iron mineral structure.  Organic matter interferes with 
iron and aluminum crystallization (Axt and Walbridge 1998).  The resulting 
amorphous structures have more reactive surfaces than crystalline forms 
(McBride 1994), and readily react with redox constituents (Axt and Walbridge   96
1998) delivered by ground water.  Indeed, P sorption capacity typically 
increases with soil Alox and Feox content (Richardson 1985, Walbridge and 
Struthers 1993, Axt and Walbridge 1999).   
In four NY fens, advective GWF resulted in distinct chemical gradients 
throughout the plant rooting zone; resulting redox and carbonate reactions 
differentially influenced iron- and calcium-mineral dynamics across the fen 
complex (Bailey 2006).  The distinct hydrochemical patterns suggested that 
ground-water mediated biogeochemical reactions ultimately control soil 
composition and P-cycling.  Therefore, the objective of this study was to 
identify linkages between ground water, soil composition, and nutrient 
availability in fens.  Based on the results of previous hydrochemical 
investigations, I expected to see the following specific trends:   
1)  Organic matter content would increase from the wetland edge to interior 
areas.  Higher variability in WT elevations facilitates decomposition and 
would limit OM accumulation in up-gradient or wetland edge areas; stable 
WT elevations in mid-gradient areas would facilitate OM accumulation.  In 
sub-oxic zones, the supply of terminal electron acceptors (notably, SO4
2-) 
would increase microbial decomposition and result in organic soils with 
higher bulk densities than peat in anoxic areas. 
2)  Soil P concentrations, as well as Fetotal and Altotal, would vary directly 
bulk density and inversely with OM content.  I expected the highest 
elemental concentrations to occur near the upland/wetland edge where 
overland flow delivers sediment and higher decomposition rates occur.  
Peat in down-gradient, sub-oxic zones where C-mineralization and 
decomposition are enhanced by the delivery of alternate terminal electron   97
acceptors also would concentrate inorganic constituents and result in 
higher elemental content than peat in anoxic areas.  
3)  Phosphorus co-precipitation with Ca-minerals would predominantly 
influence P-dynamics.  Where ground-water discharge reached the water-
table at the land-surface, CO2 diffusion to the atmosphere would cause a) 
increased CaCO3 precipitation and hence, higher soil CaCO3 content; b) 
increased Ca-P co-precipitation; and c) lower P availability due P-release 
rates due to smaller pools of available and labile P.  Alternatively, sub-oxic 
areas buffered by ground-water discharge would increase available and 
labile P pools and P-release rates.  The increased pool sizes would be 
associated with higher amorphous mineral content, which forms in 
response to SO4
2- reduction in organic rich soils. 
Substantial differences in shallow soil chemistry arising from the influence 
of ground water would suggest significant, non-random variation in the spatial 
heterogeneity of these systems and suggest why these fens are able support 
such diverse and unique vegetation (Bedford and Godwin 2003).  If true, 
alterations to the ground-water system induced either by development or 
climate change, could affect growing conditions (Almendinger and Leete 1998) 
and lead to the demise of the rare plant species and diversity unique to these 
habitats (e.g., Olde Venterink et al. 2003).   
 
Methods: 
Study Area Descriptions:  Shallow soil cores were collected along 
sampling transects set parallel to ground water flow in three rich fens and a 
poor fen within the southern Lake Ontario drainage basin in New York (Figure 
3-1).  The three mineral-rich fens, East Malloryville Fen (EMF: 42.536°N,   98
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Figure 3-1.  Map of regional and local sampling locations.  A) Regional 
location of three rich fens, East Malloryville Fen (EMF), Pumpkin Hollow 
(PH) fen, and Junius Pond (JP) fen, and a poor fen, Rainbow Shores Fen 
(RSF).  B) EMF sampling locations. C) PH sampling locations. D) JP 
sampling locations.  E)  RSF sampling locations.  The arrows in A & B 
indicate the approximate location of headwater streams. 
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76.292°W; WGS84), Pumpkin Hollow fen (PH: 42.964°N, 76.287°W), and 
Junius Pond fen (JP: 42.956°N, 76.949°W), occur in glacial moraine deposits 
over limestone and shale bedrock formations.  The mineral-poor fen, Rainbow 
Shores Fen (RSF: 43.616°N, 76.195°W), also occurs over shale-limestone  
bedrock, but is a Great Lakes coastal wetland protected by a ridge of glacial till 
and sand deposits.  Hydrometric data from the three rich fens indicated that 
groundwater upwelling in mid-gradient areas intersects local ground water flow 
moving laterally from the edge (Figure 3-2).  Flow patterns produced distinct 
biogeochemical gradients.  At RSF, shallow ground-water inflow from the edge 
predominantly influenced spatial patterns; influence by deeper ground water 
was limited by a thick, lacustrine clay layer.  Detailed descriptions of the 
hydrologic studies are presented in Bailey 2006. 
Water Sample Collection:  Shallow pore-water quality was characterized 
by sampling PVC lysimeters, installed 5 – 20 cm below the land surface near 
existing sampling locations.  Water samples were also collected from nested 
observation wells ranging 0.5 – 3.0 m in depth.  Table 3-1 lists the measured 
parameters and analytical methods.  Bailey (2006) provides details describing 
the hydrologic monitoring, water sample collection, and analytical procedures. 
Soil Sample Collection:  During August 2002, six soil cores were collected 
adjacent to each lysimeter from a depth of 5 to 20 cm below the land surface 
(i.e., below the zone affected by atmospheric oxygen diffusion and 
corresponding to the lysimeter depths).  The cores were collected with minimal 
disturbance using a PVC cylinder with a cutting edge.  After cutting through the 
surface root mat with a stainless steel bread knife, the corer was driven to the 
desired depth, capped to create suction, and pulled from the ground.  Samples 
were sealed in airtight plastic bags and returned to the laboratory on ice.   100
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Table 3-1.  Summary of pore-water chemistry analytes, analytical methods, 
and detection limits relevant to 2002 NY fen study. 
Analyte(s)  Method 
(Reference) 
Analytical 
Instrument  Detection Limit 
Ca, Fe, K, Mg, 
Mn, Na, S 
Mass-
spectrometry 
(US-EPA Method 
3020A) 
Inductively-
coupled plasma 
atomic emission 
spectrometry 
0.001 mg/L 
Cl, NO3, SO4 
Ion 
Chromatography 
(AWWA Method 
4110B) 
Dionex 4000  0.01 mg/L 
HCO3 
Sulfuric Acid 
Titration 
(AWWA Method 
2320B) 
Auto-titration 0.1  mg/L 
NH4 
Phenate Method 
(AWWA Method 
418C) 
Orion Analysis 
Auto Analyzer  0.01 mg/L 
pH/EC  In-situ field 
measures 
Orion Instruments 
Model 160 pH 
meter 
Fisher-Scientific 
Model EC meter 
pH: 0.05 
EC 0.1 uS 
 
 General soil analyses:  Three intact cores were dried at 105°C to a 
constant weight to determine bulk density (Elliot et al. 1999).  For additional 
analyses, dried samples were homogenized by grinding with a mortar and 
pestle and passing the soil through a 2 mm sieve.  Organic matter content was 
estimated by mass loss-on-ignition after combustion in a muffle furnace at 
520°C for 2 hours (Carter 1993) assuming that the relatively low temperature 
oxidized only organic carbon (Bisutti et al. 2004).  Total elemental content was 
determined by hydro-fluoric digestion and subsequent analysis by inductively-
coupled plasma atomic emission spectrometry (US-EPA Method 3052).  Soil   102
carbonate content was determined gravimetrically after acidifying with 3 M 
hydrochloric acid (Loeppert and Suarez 1996).   
Non-crystalline Fe and Al fractions:  Non-crystalline or amorphous Al and 
Fe were determined by extraction with 0.2 M acid ammonium oxalate (pH 3) 
(Axt and Walbridge 1999; Darke and Walbridge 2000).  Five grams of sample 
and 25 mL of extractant were shaken for four hours in darkness.  Supernatants 
were analyzed for Al and Fe using a Perkin-Elmer atomic absorption 
spectrometer.   
Inorganic Soil P fractions:  Soil inorganic P pools were operationally 
determined using a modified sequential fractionation scheme developed by 
Paluden and Jensen (1995).  The extraction procedure was begun within 24 
hours of sample collection under a N2 atmosphere to maintain reduced 
conditions.  The three samples collected at each transect location were pooled 
and passed through a 2-mm mesh sieve to consistently exclude roots and 
large-sized particles.  A 5-10 g sub-sample was collected in an airtight 
container for mass measurements and returned to the glove box for the first 
two of the four extractions outlined here:  1)  Water-soluble, available P was 
extracted from the pre-weighed soil samples using two sequential treatments 
of 50 mL deionized and deoxygenated water, shaken for one hour.  After the 
second treatment, the samples were centrifuged (20 min; 1200 rpm) and 
filtered (Gelman C membrane filters).  Extracts were combined and acidified 
with 1.2 mL 1 M H2SO4 (added to prevent phosphate precipitation with Fe and 
Mn) before storing at 4°C for later analysis.  2) To estimate labile P associated 
with oxidized Fe and Mn, soil pellets remaining from the water-soluble P 
extractions were extracted with 50 mL of bicarbonate-buffered dithionite (BD) 
solution (0.11 M NaHCO3 and 0.11 M Na2S2O4) shaken for 1 hour.  Soil   103
residues were rinsed by shaking with 50 mL deionized and degassed water.  
The BD and water extracts were combined, centrifuged, and filtered; then 
acidified with 5.6 ml 1 M H2SO4.  3) Non-labile P associated with aluminum 
oxides or clay and organic matter was extracted with 50 mL of 0.1 M sodium 
hydroxide (0.1 M NaOH) and a subsequent rinse with 50 mL degassed and 
deionized water.  Combined supernatants were centrifuged and filtered; then 
stored for one month to allow sulfur precipitation to occur prior to analysis.  4)  
Recalcitrant P associated with Ca-minerals was extracted and rinsed from the 
sample pellets with hydrochloric acid (50 mL 1 M HCl) and 50 mL degassed 
and deionized water, shaken for one hour.  Combined supernatants were 
centrifuged and filtered.  Extracts were analyzed for total P using the phenate 
method (Murphy and Riley 1962) on an Orion Instruments autoanalyzer.   
HCO3
- (Labile) P Extraction:  Labile-P was measured on dried soils by 
extraction with 0.5 M NaHCO3 (pH 8.5) (Carter 1993).  Twelve to fourteen 
grams of sample and 50 mL of extractant were shaken for 20 minutes at 120 
rpm.  Resulting supernatants were analyzed similarly to the wet soil extracts.   
P-Release:  A set of three nylon-mesh bags filled with anion-
exchangeable resin was deployed at each sampling location to estimate P 
release rates during the growing season (Lajtha 1988).  Each bag contained 10 
g of wet anion resin (Dowex 1-x8) activated prior to deployment by soaking in 
0.5 M NaHCO3.  The bags were removed after three months (early June 
through mid-September), dried, and consolidated.  All in-grown roots were 
removed prior to extraction.  Cumulative available phosphate was measured by 
rinsing the resin with 0.5 M HCl for one hour.  Extracts were analyzed using the 
phenate method on an Orion Instruments autoanalyzer. 
   104
Results: 
Pore water samples collected from the piezometers and lysimeters 
paralleled patterns in ground-water flow and indicated the importance of 
intersecting ground-water supplies on redox processes across each fen (Table 
3-2; Figures 3-3 to 3-6).  The shallow soil texture and composition changed 
along the hydrologic flow path and provided evidence that inflowing ground 
water affects soil properties in the plant-rooting zone (Table 3-3).   
General soil characteristics: Organic matter content generally increased 
from the wetland edge to interior areas but proximity to channelized flow and 
shallow peat depths increased the soil mineral content (Figure 3-7).  For 
example, at EMF peat depths increased with distance from the upland-wetland 
edge; shallow soil %OM increased from 15% at EMF1 to nearly 70% at EMF5.  
At the near-stream location (EMF7), %OM decreased, suggesting effects from 
over bank flow.  At PH, %OM also increased from the wetland edge (PH1: 
17%) to interior areas (PH4:  44%; PH8: 76%), but decreased where peat 
depths decreased (e.g., PH5, peat depth: 0.5 m; %OM = 27).  At all sites, bulk 
density decreased as %OM increased.   
Soil Elemental Content:  Total soil elemental content generally decreased 
as %OM increased and was indirectly influenced by distance from the wetland 
edge and depth to the underlying mineral substrate (Figure 3-8).  These trends 
were most evident at PH, where undulations in the peat depth corresponded 
with distinct differences in the shallow peat composition.  For example, soil 
Fetotal and Altotal decreased from 651 and 559 g•m
-3 to 20.6 and 37.9 g•m
-3 from    105
 
Transect 
Location
pH
EC 
(uS)
NO3
- NH4
+ Fetotal SO4
2- HCO3
- CO2 Ca
2+
EMF1 7.1 0.2 b.d. 0.4 28.6 161 50.3
EMF2 7.0 610 0.1 b.d. 0.4 13.0 271 51 78.0
EMF3 6.9 400 0.3 b.d. 0.3 29.9 213 105 71.6
EMF5 6.9 597 0.0 0.0 0.7 1.2 452 129 117.0
EMF6 7.0 488 0.0 0.0 0.4 7.8 341 84 88.7
EMF7 7.0 494 0.0 b.d. 0.0 6.7 337 64 23.8
PH1 6.7 0.7 0.2 0.0 18.8 423 109 125.9
PH2 6.7 0.4 0.5 0.2 2.3 518 50 139.4
PH3 6.4 389 0.0 0.1 0.3 1.1 495 82 128.3
PH4 6.7 620 0.1 0.2 0.0 7.1 352 45 95.4
PH5 6.5 693 0.1 0.5 0.3 0.7 415 62 102.2
PH6 6.6 599 0.0 0.1 0.2 2.4 381 69 91.6
PH7 6.7 603 0.0 0.3 0.5 0.2 371 46 90.7
PH8 6.8 751 0.0 0.2 0.5 0.2 419 75 103.1
PH9 6.9 735 0.0 0.0 0.4 0.5 399 71 99.4
PH10 7.1 861 0.0 0.2 0.4 0.1 460 76 117.2
JP1 7.3 578 0.1 0.0 0.9 0.9 343 95.2
JP2 7.0 384 0.0 0.6 0.7 2.3 178 72 55.3
JP3 7.3 485 0.1 0.3 0.1 2.7 307 54 70.8
JP4 6.6 0.0 0.1 0.6 2.7 276 55 70.0
JP5 7.5 406 0.1 0.2 0.0 13.8 329 64 74.6
JP6 6.9 955 0.0 0.2 0.6 0.3 567 156 137.9
JP7 7.2 707 0.0 0.2 0.1 10.4 382 110 87.1
JP8 7.2 706 0.0 0.2 0.2 0.6 470 93 116.7
JP9 6.8 815 0.0 0.2 0.2 0.2 548 81 141.0
JP10 7.1 803 0.0 0.2 0.1 1.1 506 91 131.1
JP11 7.8 421 0.0 0.2 0.0 13.7 229 11 54.3
RSF1 6.6 215 0.1 4.0 1.0 0.3 157 37.4
RSF2 6.7 152.5 0.0 0.2 1.2 0.2 123 30.9
RSF3 5.7 110.5 0.0 0.1 1.2 0.3 86 22.6
RSF4 6.1 78.1 0.1 0.5 0.9 0.3 64 14.9
RSF5 5.3 30.5 0.0 1.0 1.1 0.1 21 4.8
Table 3-2.  Dissolved pore-water chemistry in New York fen samples.  
Shallow pore-water samples (5 -20 cm) were collected from East 
Malloryville Fen (EMF) on September 17, 2002; from Pumpkin Hollow (PH) 
fen on July 23, 2002; from Junius Pond (JP) fen on July 31, 2002; and from 
Rainbow Shores Fen (RSF) on August 4, 2002.  All concentrations are in 
mg/L, unless otherwise noted.  The notation, na, indicates results from the 
analyses are not available, usually because of limited sample volume.   106
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Figure 3-3.  Vertical contour plots of dissolved pore-water concentrations 
(0.45 um filter paper) based on samples collected from East Malloryville Fen 
on September 17, 2002.  The x-axis represents distance (m) from up-gradient 
well; y-axis represents depth (m) below land surface.  Cross-sections indicate 
concentrations of a) nitrate; b) iron; c) sulfate; d) bicarbonate; and e) \calcium.  
All concentrations are in meq/L (equivalent mg/L indicated in parenthesis).   107
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Figure 3-4.  Vertical contour plots of dissolved pore-water concentrations 
(0.45 um filter paper) based on samples collected from Pumpkin Hollow fen on 
June 15, 2002.  The x-axis represents distance (m) from up-gradient well; y-
axis represents depth (m) below land surface.  Cross-sections indicate 
concentrations of a) nitrate; b) iron; c) sulfate; d) bicarbonate; and e) \calcium.  
All concentrations are in meq/L (equivalent mg/L indicated in parenthesis).   108
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Figure 3-5.  Vertical contour plots of dissolved pore-water concentrations 
(0.45 um filter paper) based on samples collected from Junius Pond fen on 
June 15, 2002.  The x-axis represents distance (m) from up-gradient well; y-
axis represents depth (m) below land surface.  Cross-sections indicate 
concentrations of a) nitrate; b) iron; c) sulfate; d) bicarbonate; and e) \calcium.  
All concentrations are in meq/L (equivalent mg/L indicated in parenthesis).  109
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Figure 3-6.  Vertical contour plots of dissolved pore-water concentrations 
(0.45 um filter paper) based on samples collected from Rainbow Shores Fen 
on June 24, 2002.  The x-axis represents distance (m) from up-gradient well; 
y-axis represents depth (m) below land surface.  Cross-sections indicate 
concentrations of a) nitrate; b) iron; c) sulfate; d) bicarbonate; and e) \calcium.  
All concentrations are in meq/L (equivalent mg/L indicated in parenthesis).   110
Transect 
Location
%OM
BD  
(g/cm
3)
P   Fe  Al Ca      S  Mg  Mn     
EMF1 15.9% 1.13 9.5 254.4 499.1 91.3 14.0 49.1 4.1
EMF2 29.6% 0.58 6.6 138.2 217.5 93.1 17.6 25.7 4.3
EMF3 55.7% 0.37 4.2 41.5 82.7 101.3 21.3 14.2 1.7
EMF5 68.3% 0.22 2.3 33.2 51.0 50.4 15.2 9.8 2.5
EMF6 64.1% 0.20 1.9 30.8 64.7 40.3 19.3 10.7 0.6
EMF7 56.2% 0.21 3.0 20.6 43.5 48.0 19.2 7.8 1.2
PH1 17.5% 1.09 12.1 650.6 559.3 151.6 14.3 76.4 7.2
PH2 27.0% 0.49 5.5 97.6 212.0 100.7 12.0 30.6 2.0
PH3 42.3% 0.38 4.6 70.1 142.7 106.6 15.8 25.4 1.5
PH4 43.7% 0.40 4.7 79.1 151.0 114.6 20.5 27.3 1.7
PH5 26.6% 0.28 3.6 59.0 117.8 88.8 16.2 20.8 5.3
PH6 50.3% 0.32 3.9 50.4 98.8 99.2 27.4 19.9 0.9
PH7 54.2% 0.27 3.0 37.7 69.6 122.5 14.0 16.6 1.4
PH8 76.0% 1.19 11.6 106.3 84.6 573.0 66.7 49.5 1.5
PH9 61.0% 0.22 2.7 28.7 37.9 89.1 12.2 11.4 0.5
PH10 51.7% 0.25 3.3 51.4 87.5 72.2 11.8 16.3 0.6
JP1 21.2% 0.77 7.2 64.1 113.3 229.0 63.3 31.2 2.4
JP2 51.9% 0.36 2.7 72.5 38.0 144.5 31.4 15.5 1.8
JP3 49.5% 0.27 1.0 27.2 17.6 578.2 19.0 11.5 0.8
JP4 55.9% 0.30 1.2 26.1 20.0 580.4 26.8 13.2 0.6
JP5 61.8% 0.24 0.6 11.7 10.1 657.7 15.4 11.9 0.7
JP6 31.1% 0.33 0.8 18.9 12.4 902.3 19.1 14.9 1.0
JP7 39.8% 0.37 1.0 20.2 14.8 1050.8 22.0 17.0 1.1
JP8 25.0% 0.51 1.1 12.2 17.6 1539.0 31.0 28.3 1.0
JP9 20.6% 0.58 6.0 119.7 225.2 60.0 13.7 22.4 1.8
JP10 25.5% 0.52 7.5 76.6 85.3 173.5 23.6 16.0 9.2
JP11 16.7% 0.73 6.6 48.6 92.5 248.3 50.3 28.2 2.3
RSF1 85.9% 0.14 0.9 9.2 7.4 27.3 10.2 2.2 1.3
RSF2 89.3% 0.07 0.4 4.1 3.6 12.3 4.4 1.1 1.1
RSF3 86.4% 0.08 0.5 3.2 3.5 13.9 5.1 1.4 0.7
RSF4 87.8% 0.09 0.5 2.9 1.8 13.9 3.2 2.2 0.5
RSF5 93.4% 0.07 0.2 0.9 0.7 2.0 0.8 0.6 0.0
Table 3-3.  Shallow (5-20 cm) soil chemistry in four New York fens.  
Samples were collected from East Malloryville Fen (EMF) on July 18, 2002; 
from Pumpkin Hollow (PH) fen on July 23; from Junius Pond (JP) fen on 
July 29; and from Rainbow Shores Fen (RSF) on August 4, 2002.  All 
measures are in g/m2 unless otherwise noted.  The notation, na, indicates 
the results from the analyses are not available.  111
Transect 
Location
Feox 
(%)
Alox 
(%)
CaCO3 
(%)
H2O 
ext P
BD  ext 
P
NaOH 
ext P   
HCl ext 
P
HCO3 
ext P
P-
release 
(ug/bag/d
ay)
EMF1 0.18% 0.36% 0.2% 0.03 2.84 0.50 0.56 0.05 2.77
EMF2 0.19% 0.75% 0.2% 0.05 2.99 0.90 0.53 0.06 0.79
EMF3 0.07% 0.72% 0.5% 0.02 2.05 0.56 0.05 0.12 0.09
EMF5 0.13% 0.78% 0.3% 0.02 2.05 0.56 0.05 0.12 2.13
EMF6 0.14% 0.57% 0.5% 0.04 na 0.20 0.03 0.13
EMF7 0.19% 0.21% 0.4% 0.06 4.52 0.45 0.07 0.12 0.92
PH1 0.34% 1.62% 0.0% 0.06 4.52 0.45 0.07 0.12 2.27
PH2 0.34% 0.69% 0.2% 0.04 0.86 0.12 0.02 0.12 0.24
PH3 0.31% 0.90% 0.2% 0.04 0.86 0.12 0.02 0.12 1.25
PH4 0.33% 0.74% 0.3% 0.05 1.43 0.92 2.50 0.04 1.02
PH5 0.31% 0.69% 0.7% 0.01 0.79 0.35 0.57 0.06 0.01
PH6 0.26% 0.47% 0.4% 0.04 1.38 0.63 0.48 0.06 1.51
PH7 0.22% 0.90% 1.1% 0.01 0.92 0.41 0.29 0.10 2.11
PH8 0.25% 0.43% 1.6% 0.01 0.92 0.41 0.29 0.00 0.03
PH9 0.16% 0.45% 0.5% 0.02 0.68 0.24 0.20 0.11 0.01
PH10 0.14% 0.94% 0.2% 0.02 0.68 0.24 0.20 0.00 0.62
JP1 0.17% 0.87% 0.5% 0.03 1.50 0.50 0.29 0.14 2.88
JP2 0.24% 1.16% 0.5% 0.02 1.57 0.33 0.09 0.12 0.79
JP3 0.18% 0.39% 0.4% 0.02 na 0.33 0.09 0.00 1.82
JP4 0.17% 0.34% 0.5% 0.07 na 0.39 0.10 0.16 3.37
JP5 0.10% 1.28% 2.2% 0.07 na 0.39 0.10 0.00 0.00
JP6 0.05% 0.74% 20.9% 0.15 na 0.51 0.11 0.14 0.01
JP7 0.05% 0.41% 16.9% 0.03 na 0.27 0.11 0.10 0.02
JP8 0.03% 0.35% 23.9% 0.02 na 0.46 0.76 0.05 0.01
JP9 0.03% 0.35% 23.0% 0.02 1.53 0.46 0.76 0.00 0.04
JP10 0.04% 0.40% 25.1% 0.01 0.68 0.37 0.19 0.08 0.00
JP11 0.04% 0.16% 25.3% 0.00 0.67 0.26 0.10 0.14 0.01
RSF1 0.06% 0.48% 0.5% 0.00 na 0.22 0.07 0.15 1.91
RSF2 0.05% 0.54% 2.1% 0.00 na 0.12 0.50 0.11 0.00
RSF3 0.07% 0.30% 0.7% 0.00 na 0.14 0.19 0.07 0.51
RSF4 0.05% 0.25% 0.4% 0.01 na 0.24 0.25 0.09 0.70
RSF5 0.03% 0.09% 0.9% 0.01 na 0.24 0.25 0.05 0.02
Table 3-3 (continued).   112
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Figure 3-7.  Percent organic matter (%OM) and bulk density (BD in g/cm
3) 
along hydrologic gradients in four New York fens.  Transect location refers 
to position along ground-water flowpath.  Sites include East Malloryville 
Fen (EMF), Pumpkin Hollow (PH), Junius Pond (JP), and Rainbow Shores 
Fen (RSF).   113
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Figure 3-8.  Soil aluminum, iron, sulfur, phosphorus and calcium contents 
along hydrologic gradients in four New York fens.  Transect location refers 
to position along ground-water flowpath.  Sites include East Malloryville 
Fen (EMF), Pumpkin Hollow (PH), Junius Pond (JP), and Rainbow Shores 
Fen (RSF).   114
the wetland margin (PH1) to the interior (PH7), but increased 10-70 g•m
-3 
relative to adjacent locations where peat depths decreased to less than 1 m 
(PH4, PH8, and PH10).  Similarly, total P decreased from the edge (PH1: 12.1 
g•m
-3) to interior locations (PH7: 3.0 g•m
-3), but increased to 11.6 g•m
-3 at PH8.  
In contrast to most elements, however, Catotal, and Stotal increased along the 
sampling transect, with the highest concentrations occurring in down-gradient 
areas influenced by larger-scaled ground-water discharge.  For example, at 
PH, Catotal decreased from 150 g•m
-3 at the wetland margin to 70 g•m
-3 at 
PH10, but increased at PH8 to 573 g•m
-3.  Total S content was similarly low 
across the site (range 12 – 27 g•m
-3) but noticeably higher at PH8 (66.7 g•m
-3).  
Soil chemistry followed similar, but exaggerated trends within the marl fen at 
JP.  Soil metals decreased down-gradient from the wetland edge while 
CaHCO3 -enriched water produced secondary carbonate deposits that 
predominated the soil texture in the open fen area, and increased the Catotal 
content.  Up-gradient, organic-rich sampling locations had soil chemistries (JP1 
– JP4) similar to EMF and PH, but Ptotal, Fetotal, and Altotal concentrations 
decreased to near detection limits in the open fen area (JP5 to JP9), 
suggesting less direct influence of adjacent glacial drift materials.  Higher metal 
contents more similar to up-gradient locations were observed in soils near the 
pond.  Soil Catotal content increased from 229 g•m
-3 at the wetland margin to 
1540 g•m
-3 at JP8.  Total S decreased from 63.3 g•m
-2 at the wetland edge to 
15 g•m
-2 at JP5 and then increased in the open fen area (JP6-JP8 range: 19 – 
31 g•m
-2) and adjacent to the pond (JP11: 50 g•m
-2). 
At RSF, the poor fen where shallow pore water chemistry is 
predominantly influenced by lateral flow of dilute ground water from the fen 
edge, total elemental content decreased as %OM content increased.    115
Elemental concentrations were notably lower, and %OM higher, than at the 
rich fen sites.   
Calcium Carbonate Content:  Soil CaCO3 content was a relatively small 
component of the rich fen soil matrices (Figure 3-9).  Estimates were less than 
two percent of the total soil volume in all samples where the soil matrix 
consisted predominantly of organic matter (>80%).  Further, carbonate content 
was similar to that observed in the poor fen.  Only at JP, where marl deposits 
were readily identifiable in the field, did CaCO3 content increase from 2.2% at 
JP5 to 25% at JP10 and JP11. 
  Non-crystalline Iron and Aluminum Content:  Changes in amorphous, 
non-crystalline iron and aluminum were not correlated with %OM content or 
ground-water discharge, and generally contributed less than 1% of the total soil 
volume (See Figure 3-9).  Only at JP, was a clear pattern discernible along the 
water-table gradient:  Feox and Alox contents were higher in up-gradient 
locations (JP1 – JP4 range: 0.1 – 0.3% Feox; 0.3 – 1.3% Alox) and similar to 
measures at the other rich fen sites, but volume contents decreased in the 
down-gradient, open fen area (JP5 – JP11 range: <0.1% Feox; 0.1 – 0.7% Alox) 
and were more similar to those measured in the poor fen. 
Inorganic P (Pin) Pools:  Inorganic soil P-pools varied consistently from 
the wetland edge to interior areas of the rich fens (Figure 3-10).  Water-
extractable (“available”) P pools were largest near the wetland edge.  Higher 
concentrations also occurred where mineral-rich ground-water reached shallow 
organic soils (e.g., EMF5, PH8, and PH9).  The BDext-P (“Fe-bound P”) and 
NaOHext-P (“clay-bound P”) decreased along the sampling transect in relation 
to total elemental content of the soil (i.e., distance from the wetland edge and 
peat depth).  At locations where Ptotal was less than 2 g•m
-3, however, BDext-P    116
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Figure 3-9.  Calcium carbonate (CaCO3) and non-crystalline iron (Fe-ox) 
and aluminum (Al-ox) contents in soils along hydrologic gradients in four 
New York fens.  Transect location refers to position along ground-water 
flowpath.  Sites include East Malloryville Fen (EMF), Pumpkin Hollow (PH), 
Junius Pond (JP), and Rainbow Shores Fen (RSF).   117
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Figure 3-10.  Variation in inorganic soil phosphorus pools along hydrologic 
gradients in four New York fens.  Transect location refers to position along 
ground-water flowpath.  Sites include East Malloryville Fen (EMF), 
Pumpkin Hollow (PH), Junius Pond (JP), and Rainbow Shores Fen (RSF). 
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estimates unexplainably exceeded Ptotal, and had to be discounted from the 
analysis.  Concentrations of HClext-P (“Ca-bound P”) in soils from the rich fens 
did not change along the sampling transect and were similar to those observed 
in the poor fen.   
  P-release:  Anion resin bags indicated higher soil P-release rates near 
the upland-wetland edge at all four sites (range: 1.9 – 2.9 ug/bag/day), but also 
increased where ground-water discharge from larger-scaled systems reached 
the land surface in rich fens (Figure 3-11).  Elevated release rates were 
measured at EMF5 (2.1 ug/bag/day), PH3 and PH4 (range 1.0 – 1.3 
ug/bag/day), and at PH6 and PH7 (range: 1.5 – 2.1 ug/bag/day).  Lower 
release rates were estimated for intermediate areas (range 0.0 – 0.9 
ug/bag/day).  At JP, release rates in the up-gradient, organic-rich locations 
ranged between 1.8 and 2.9 ug/bag/day.  In the open fen area, where 
%CaCO3 increased substantially, release rates decreased to less than 0.5 
ug/bag/day.  Soil P-release rates across the poor fen also were highest at the 
fen edge, and ranged between 0.0 and 1.9 ug/bag/day.  
 
Discussion: 
Distinct changes in soil composition occurred along the GWF-path of 
each fen.  Spatial patterns were related to peat depths and the delivery of 
mineral-enriched ground water that moderated redox conditions (Mitchell and 
Branfireum 2005).  While previous studies suggest that sorption to Ca-minerals 
primarily controls P-dynamics (Boyer and Wheeler 1989; Komor 1994), results 
here indicated that the influx of SO4
2--enriched ground water sustained suboxic 
conditions, which increased soil P-availability by enhancing iron-sulfur 
reactions.   119
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Figure 3-11.  Estimated phosphorus release rates along hydrologic 
gradients in four New York fens.  Transect location refers to position along 
ground-water flowpath.  Sites include East Malloryville Fen (EMF), 
Pumpkin Hollow (PH), Junius Pond (JP), and Rainbow Shores Fen (RSF). 
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   Although wetland function depends on its water budget, it has been 
difficult to associate P availability with hydrologic or pH gradients (Kellogg and 
Bridgham 2003).  More specifically, water-table drawdown and subsequent 
peat oxidation clearly promotes P-sequestration (Mitsch & Gosselink 2000, van 
Duran and Pegtal 2000), but identifying controls on horizontal gradients and 
spatial heterogeneity of P pools, more pertinent to characterizing wetland 
function, has remained difficult (e.g., Axt and Walbridge 1999).  Results 
presented herein suggest that P-dynamics also depend on the composition of 
incoming water sources and resulting hydrochemical gradients, which are not 
captured when comparing soil processes along a water-table gradient (i.e., in 
one dimension).  Variation in biogeochemical processes resulted from the 
intersection of multiple ground-water sources.  Patterns in the soil chemistry 
were identifiable only by relating the soil properties to hydrochemical gradients 
and GWF patterns.  Results explain why soil redox status, base status, and 
total P content relate strongly to P mineralization (Verhoeven et al. 1996) and 
are consistent with observations in highly managed wetlands, where internal 
eutrophication occurred as a consequence of alterations to the GWF-regime 
(Roelofs 1991; Reddy 1999; Lucassen et al. 2004). 
Soil and water analyses provided corroborative evidence that Ca-P 
dynamics do not control P-regulation in NY rich fens as initially expected 
(Boyer and Wheeler 1989; Bedford and Godwin 2003).  First, %CaCO3 
measures were similarly low among all sites, including the poor fen.  In fact, 
CaCO3 did not contribute substantially to the soil composition except in the 
marl fen (JP).  Further, HClext-P decreased with Ca-mineral content, rather than 
increasing as expected.  Elevated HClext P occurred only in the marl fen, where 
%CaCO3 exceeded 20%.  Other reactions likely predominant because they are   121
kinetically more favorable; these include plant and microbial uptake, 
precipitation with more reactive minerals (e.g., iron sulfides), and sorption to 
iron oxides, clays and organic matter (House 2003).  These processes will 
predominate even in when pore water is supersaturated with respect to calcite 
minerals because they are thermodynamically more favorable (Wilson and 
Fitter 1984; Golterman 1988).  In addition, plant production of tannic acids and 
polyphenols inhibits calcite growth (Hoch et al. 1999) and biological production 
of CO2 accelerates CaCO3 dissolution (DePinto et al.1989). 
Soil analyses confirmed previous hydrologic studies which indicated the 
importance of Fe-S redox reactions to P-cycling (Bailey 2006).  Phosphorus 
availability increased along with total soil S, Fe, and P in areas of active SO4
2- 
reduction (i.e., down-gradient, ground-water discharge zones in the open fen 
areas).  Additional conclusions about the mechanism driving P-release are 
difficult to infer, however, because redox conditions drive several mechanisms 
that could regulate P-availability.  First, SO4
2- reduction enhances iron mineral 
dissolution and consequently releases P (Caraco et al. 1989; Smolders and 
Roelofs 1993; Roden and Edmonds 1997).  Second, elevated alkalinity 
produced as a by-product of redox reactions enhances internal eutrophication 
by neutralizing acidity generated by microbial respiration (Lamers et al. 1998; 
Smolders et al. 2003) and facilitating microbial mineralization (Curtis 1989; 
Roelofs 1991; Brouwer et al. 1999; Lamers et al. 1998; Lamers et al. 2001: 
Lucassen et al. 2004).  Elevated alkalinity also inhibits P sorption onto Fe
2+ 
oxides in sediments (Hawke et al. 1989).  Finally, reduced conditions can 
increase available P due to microbial release of polyphosphates 
(Khoshmanesh et al. 1999).  These biogeochemical processes likely occur   122
simultaneously and together explain the elevated P-availability observed in the 
suboxic area of each fen. 
Organic soils in suboxic areas also had higher bulk densities than organic 
soils down-gradient of active sulfate reduction zones.  Enhanced 
decomposition and mineralization rates sustained by the supply of terminal 
electron acceptors can effectively consolidate recalcitrant organic mater, 
minerals and metals (Lucassen et al. 2004; Todorova et al. 2005).  In addition, 
plant roots can concentrate soil elements by transporting metals and nutrients 
(e.g., Vitousek et al. 2004) released during redox processes (Smolders et al. 
2003).  Advective ground water delivery also can increase nutrient and metal 
concentrations.  In anoxic areas, bulk density decreased as %OM increased, 
indicating more limited decomposition than under sub-oxic conditions; this was 
especially evident in the poor fen.   
Because SO4
2-reduction strongly influenced hydrochemical patterns, I 
expected Feox and Stotal to increase in suboxic areas where iron-sulfides 
formed (i.e., areas undergoing active SO4
2- reduction) and decrease in the 
absence of SO4
2- reduction.  While Stotal did increase, Feox decreased as %OM 
increased and in areas of active SO4
2--reduction.  These results also countered 
previous field studies which found Feox and Alox increased directly with %OM 
(Richardson 1985; Walbridge and Struthers 1993; Axt and Walbridge 1999) 
and geochemical analyses which indicated iron-mineral (siderite and FeS) 
activity (Bailey 2006).  Elevated soil Fetotal and Stotal observed in these same 
locations suggests that perhaps the Fe-S precipitates did not react with the 
ammonium oxalate solution.  Soil Fetotal and Feox varied more with proximity to 
mineral soil parent materials.     123
Results from this study suggest redox gradients could play a key role in 
driving the exceptional species diversity observed in rich fen habitats (Bedford 
et al. 1999; Gusewell et al. 2005).  In addition to regulating P-availability, 
redox-generated alkalinity could also promote species diversity by buffering pH 
changes (Lamers et al. 1998; Smolders et al. 2003) or by inhibiting P-sorption 
onto iron oxides (Hawke et al. 1989; Moore and Reddy 1994).  Indeed, species 
richness increased with alkalinity in NY fens (Bedford and Bailey, unpublished 
data).  Sites with the highest species diversity had HCO3
- concentrations 
exceeding background concentrations observed in deep (sub-peat) 
observation wells, suggesting additional alkalinization from redox processes 
(Lamers et al. 1998; Lucassen et al. 2004) and indicating the importance of the 
redox processes to regulating the plant environment.   
The P sorption capacity of a wetland, or its function as a sink, source or 
transformer of plant nutrients, relates to its soil properties, including depth, 
heterogeneity, and bulk density (Walbridge and Struthers 1993).  Results from 
this link soil properties, P-storage and P-availability with the GWF-regime.  The 
interaction between different ground-water sources produced distinct 
hydrochemical patterns across each fen and regulated mineral and nutrient 
dynamics in the plant rooting zone.  Alterations to the water budget, due to 
climate change or watershed development, can have significant impacts on 
fens by affecting the supply of local versus regional ground-water supplies and 
subsequently altering biogeochemical processes, nutrient availability, and plant 
species community dynamics. 
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  The Interactive Influence of Geomorphology and Hydrochemistry on 
Plant Community Composition in Four New York fens. 
 
Abstract:  Human impacts to isolated ground-water fed wetlands (fens) are 
difficult to assess because knowledge of fen hydrology and linkages between 
wetland function and plant species distributions remain largely unknown.  
Linkages between environmental conditions (shallow-pore water chemistry 
and soil properties) driven by ground-water flow (GWF) and the distribution of 
plant species in four New York fens were investigated using non-parametric 
analyses of environmental and plant species data collected during 2002.  
Results indicated significant differences among hydrologic groups defined a 
priori based on the influence of local- versus large-scale ground-water 
discharge determined from previous hydrologic studies (Global R = 0.68, 
p=0.001 for abiotic factors; Global R = 0.999, p=0.001 for vegetation).  Further 
analysis using Spearman’s rank correlations (ρw) revealed that multiple abiotic 
variables yielded strong correlation coefficients (ρw range 0.50 – 0.936), 
indicating autocorrelation among pore water and soil factors.  Calcium, 
magnesium, iron, and sulfur properties consistently appeared in the variable 
sets, suggesting ground water discharge influences soil chemistry and plant 
nutrient availability by 1) inducing distinct spatial gradients in the plant 
environment across the fen complex; and 2) controlling redox and carbonate 
reactions that influence phosphorus mobility.  Results indicate mechanisms 
likely to promote the establishment and maintenance of the diverse plant 
assemblages unique to rich fens and emphasize the importance of evaluating 
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potential impacts to these habitats from development of ground-water 
resources or climate change. 
 
Introduction: 
Human development can alter the natural water budget or hydrologic 
regime of a wetland and adversely affect its function as a species refuge or as 
a sink, source, or transformer of nutrients and contaminants (Bollens et al. 
2001).  For example, changes in the magnitude and timing of different ground-
water sources can influence the distribution of vegetation by altering pore-
water composition and hydrography (Shedlock et al. 1993).  Effects, however, 
can be difficult to discern or predict, especially in ground-water fed wetlands 
(i.e., fens) where changes in hydrology are not apparent because of the 
predominantly subterranean influences (Whigham and Jordan 2003).   
The definition of fen has evolved since its inception, from a descriptive 
term to one that communicates an integral connection with the landscape 
setting.  Fens traditionally were identified by unique flora and base-rich soils 
(reviewed in Wheeler and Proctor 2000, Amon et al. 2002, Bedford and 
Godwin 2003).  Observational studies documented strong correlations 
between plant community composition and pore water chemistry, especially 
pH, conductivity, and cations, indicating the predominant influence of ground 
water (e.g., Sjörs 1950; Slack et al. 1980, Vitt and Chee 1990).  Until recently, 
lack of hydrometric data has made it difficult to characterize ground-water 
flowpaths explicitly and identify the mechanisms by which ground water 
influences shallow pore-water chemistry.  Fens typically occur where local 
ground water from adjacent hillslopes regulates discharge from broader-scaled 
ground-water systems, resulting in stable water table elevations (Almendinger 
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and Leete 1998a; Bailey 2006a).  Often discharge is facilitated by the 
presence of aquifer windows, or permeable lenses of unconsolidated deposits 
underlying the peat, which allow mineral-rich ground water to reach the plant 
rooting zone (Roulet 1990; Hill and Devito 1997; Almendinger and Leete 
1998a; Bailey 2006a).   
Interactions between different ground-water sources across a fen 
complex can induce distinct hydrochemical gradients that regulate multiple 
biogeochemical processes and influence soil properties (Komor 1994; 
Almendinger and Leete 1998b; Bailey 2006a).  For example, ground-water 
delivery of nitrate and sulfate enhances microbial activity and affects iron (Fe) 
mineral dynamics in the plant rooting zone of organic soils (Lamers et al. 
2002; Bailey 2006a).  Elevated carbon dioxide (CO2), produced as a by-
product of microbial decomposition enhanced by ground-water discharge 
(Lamers et al. 1999), can dissolve carbonate minerals (Komor 1994).  
Alternatively, rapid CO2 degassing can induce mineral precipitation (e.g., marl) 
(Boyer and Wheeler 1989).  Resulting mineral transformations can affect 
plants directly (e.g., phytotoxicity by sulfide production) or indirectly (e.g., 
increased P-mobilization associated with buffered redox conditions) (Smolders 
and Roelofs 1993; Khoshmanesh et al. 1999; Mitsch and Gosselink 2000), but 
these linkages remain uncertain (Whigham and Jordan 2003).   
In addition to the uncertainty regarding ground-water effects on the plant 
rooting zone, researchers continue to investigate environmental factors that 
influence species diversity in both terrestrial and wetland environments.  The 
current paradigm, referred to as the ‘resource balance hypothesis’ 
(Braakhekke and Hooftmann 1999; Grace 2001), suggests that plant 
community composition reflects a non-linear relationship between biomass 
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production and nutrient availability.  Under extremely low nutrient conditions, 
such as in a bog, vegetation is stunted, biomass is limited, and the community 
lacks diversity.  Increasing nutrients enable a greater variety of species to 
coexist (Gusewell et al. 2005), thereby increasing biomass (Tilman et al. 
2001).  At some threshold, however, excessive nutrient availability allows a 
few, more robust species to substantially increase biomass production and 
out-compete others, resulting in a decline of species diversity (Moore et al. 
1989, Tilman et al. 1999).  Plant tissue data suggest that the threshold or apex 
of this unimodal response relates to nitrogen, P, and potassium availability 
(Verhoeven et al. 1996; Koerselman and Meuleman 1996; Olde Venterink and 
Wassen 2003).  These models, however, are difficult to ascertain in natural 
settings because of the time lag in species and community responses (Pauli et 
al. 2002).  Independent studies have demonstrated that increased plant 
nutrient availability promotes net primary productivity (Vemeer and Berendse 
1983; Pauli et al 2002), and that increased biomass negatively affects species 
diversity (e.g., Tilman and Pacala 1993).  Direct linkages between increased 
nutrient availability and fen species occurrence have been observed only 
where hydrologic alterations have perturbed the fens severely (Olde Venterink 
et al. 2001; Smolders et al. 2003).  Water-table declines lead to higher 
mineralization rates and eutrophication, subsequently enabling a few dominant 
species to proliferate and eventually displace rare and threatened species.  If 
the resource balance hypothesis holds true, the nutrient status of fens seems 
to be on the rising limb of the response curve, but below the threshold at which 
more competitive species have an advantage.  Natural processes that regulate 
plant nutrient release and limit eutrophication could facilitate the establishment 
and maintenance of diverse plant communities.  
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Observed ground-water effects on pore-water chemistry and plant 
nutrient availability together with current knowledge regarding factors that 
promote plant diversity indicate a strong potential for ground water to influence 
plant species composition.  Therefore, objectives in this study were to identify 
corresponding spatial patterns among hydrochemical gradients, shallow soil 
properties, and the distribution of plant species.  Results from previous 
hydrologic studies four New York fens indicated that the extent of mixing 
between different ground-water sources controlled hydrochemical patterns 
across each fen.  Sampling locations along the ground water flowpath could 
be classified based on the predominant ground-water source: 1) an up-
gradient zone influenced primarily by relatively dilute local ground water, or 
interflow, which flows laterally from the wetland edge; 2) a mid-gradient zone 
where organic-rich soil occurs and local ground water is modified by 
biogeochemical processes; and 3) a down-gradient zone where the modified 
local ground water mixes with larger-scaled ground-water discharge, and 
biogeochemical reactions further modify the shallow pore-water chemistry.  I 
expected to see significant differences in plant community composition based 
on the predominant source of ground-water.  I further expected the greatest 
density of fen species would occur where different scaled ground-water 
systems merged and enhanced nutrient availability, but the resulting stable 
water-table limited eutrophication.  Identifying linkages among plant 
community composition, plant nutrient availability, and hydrologic conditions 
will provide important insights for understanding how anthropogenic changes 
to local and regional hydrologic regimes can affect these unique, species-rich 
habitats and offer insights regarding the effects of nutrient availability on plant 
species composition in natural settings.  
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Methods: 
Study Area Descriptions: 
The study focused on four fens within the southern Lake Ontario drainage 
basin in NY (Figure 4-1) in which ground-water flowpaths and distinct 
hydrochemical gradients were identified.  Three of the sites are considered 
mineral-rich fens: East Malloryville Fen (EMF: 42.536°N, 76.292°W; WGS84), 
Pumpkin Hollow (PH: 42.964°N, 76.287°W), and Junius Pond (JP: 42.956°N, 
76.949°W) (Olivero 2001).  The sites are situated in glacial moraine deposits 
Ontario coastal wetland protected by a narrow ridge of glacial till and sand 
deposits, which also occur over shale-limestone bedrock formations.  
Hydrometric data from the three rich fens indicated that groundwater upwelling 
in mid-gradient areas intersected local ground water flow moving laterally from 
the edge, and that these flow patterns produced distinct biogeochemical 
gradients across the rich fen areas (Bailey 2006a).  At RSF, shallow surface-
and ground-water inflow from the edge predominantly influenced spatial 
patterns; hydrochemical data indicated that the influence of deeper ground 
water was limited by a thick lacustrine clay layer. 
 
Field and Laboratory Methods 
Hydrometric Data:  To obtain mean water-depth estimates during the 
2002 growing season, sampling points were established by installing water-
table wells and piezometers approximately every 10 m along the ground-water 
flowpath.  Wells were constructed of 0.04 m diameter PVC and screened 0.5m 
from the land-surface.  Water-table wells installed near the wetland edge 
extended 1 m below the land surface.  The elevation of each well casing was 
surveyed to a local benchmark, and the relative land surface elevation was 
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Figure 4-1.  Map of regional and local sampling locations.  A) Regional 
location of three rich fens, East Malloryville Fen (EMF), Pumpkin Hollow 
(PH) fen, and Junius Pond (JP) fen, and a poor fen, Rainbow Shores Fen 
(RSF).  B) EMF sampling locations. C) PH sampling locations. D) JP 
sampling locations.  E)  RSF sampling locations.  The arrows in B and C 
indicate the approximate location of headwater streams.   136
measured.  Water-level measures were recorded approximately every two 
weeks during the 2002 growing season. 
 Vegetation Sampling:  Percent cover abundance estimates were 
recorded for each plant species in three square meter quadrats randomly 
placed 1-3m away from each water-table well.  Nomenclature for vascular 
plant and bryophyte species followed the Plants Database maintained by the 
USDA’s Natural Resources Conservation Service (2004).  For statistical 
analyses, surveys at each sampling location were combined to yield species 
cover per three square meter area. 
Soil Samples and Analyses:  Soil properties were characterized based on 
a composite of three shallow soil samples, collected 5 to 20 cm below the land 
surface at each sampling location during August 2002.  Samples were 
analyzed for bulk density (Elliot et al. 1999), organic matter content (Carter 
1993), total elemental content (EPA Method 3052), inorganic P-pools (Paluden 
and Jensen 1995), bicarbonate-extraction of labile P (Carter 1993), and non-
crystalline Fe (Feox) and Al (Alox) content (Carter 1993).  Phosphorus release 
throughout the growing period was compared among sample locations using 
anion exchange resin bags (Lajtha et al. 1999).  Bailey (2006b) provides more 
detailed information on the methods of soil sample collection and analyses. 
Water Samples and Analyses:  Shallow pore-water chemistry was based 
on samples collected from PVC lysimeters installed 5 – 20 cm below the land 
surface.  If the water table occurred below the maximum lysimeter depth, the 
water-table well or 0.5 m piezometer was sampled.  Analytical methods are 
listed in Table 4-1, and Bailey (2006a) provides further details regarding 
hydrologic monitoring, water sample collection, and analytical procedures. 
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Table 4-1.  Summary of pore-chemistry analytes, analytical methods, and 
detection limits relevant to 2002 study of four New York fens. 
Analyte(s)  Method 
(Reference) 
Analytical 
Instrument 
Detection 
Limit 
Ca, Fe, K, Mg, 
Mn, Na, S 
Mass-spectrmetry
(EPA Method 
3020) 
Inductively-
coupled plasma 
atomic emission 
spectrometry 
0.001 mg/L 
Cl, NO3, SO4 
Ion 
Chromatography 
(AWWA Method 
4110B) 
Dionex 4000  0.01 mg/L 
HCO3 
Sulfuric Acid 
Titration 
(AWWA Method 
2320B) 
Auto-titration 0.1  mg/L 
NH4 
Phenate Method 
(AWWA Method 
418C) 
Orion Analysis 
Auto Analyzer  0.01 mg/L 
pH/EC  In-situ field 
measures 
Orion Instruments 
Model 160 pH 
meter 
Fisher-Scientific 
Model EC meter 
pH: 0.05 
EC 0.1 uS 
 
Data Analyses:   
Observed data were analyzed using discrete multivariate analyses to 
identify corresponding spatial patterns in soil and water chemistry and plant  
community composition.  Analyses were performed using the PRIMER 5.2.9 
software package (Clarke and Warwick 2001).  Similarity matrices were 
calculated for environmental data (shallow soil and water chemistry) based on 
normalized-Euclidean distances.  Similarities in plant species composition 
were calculated using the Bray-Curtis equation (Bray and Curtis 1957); data 
were fourth-root transformed, √√y, to down-weight abundant species and allow 
rarer species distinct to fens to exert some influence on the calculation.  
     138
Kruskal’s non-metric multidimensional scaling (MDS) ordination was used to 
visualize calculated similarities: plotted distances were proportional to the 
similarity between two samples relative to all other pair-wise comparisons.  
Co-calculated stress coefficients reflected the lack of agreement in the 
ordinated distance and dissimilarity among all samples.  Stress values less 
than 0.1 indicated a more reliable ordination with a low probability of a 
misleading interpretation.  The MDS method is more robust than other 
ordination techniques, because it makes few model assumptions regarding 
normality of the data or inter-relationships among samples, and it is relatively 
insensitive to changes in measurement scales (Clarke and Warwick 20001).  
Cluster analysis was used to group co-occurring plant species; to facilitate the 
analysis, only species with 5% cover or greater were considered.   
Relationships between plant species distributions and environmental 
conditions were assessed by comparing the derived similarity matrices using 
PRIMER’s RELATE function.  Based on previous hydrologic studies, sampling 
points were designated subjectively as up-, mid- or down- gradient, prior to 
statistical analyses.  Non-parametric analysis of similarity (ANOSIM) (Clarke 
and Warwick 2001) was used to assess variation in shallow pore water and 
soil chemistry and vegetation among the different hydrologic zones.  
Analogous to ANOVA, ANOSIM compares between-group to within-group 
variations using a randomization procedure to test the null hypothesis that the 
a priori groups are not significantly different (Clarke and Warwick 2001; Fyfe 
2003).  The resulting test statistic, R, equals 0 if all samples from the site are 
equally similar; R equals 1 if all replicates within a group are more similar than 
replicates from other locations.  We also used the RELATE function to test the 
similarity of the matrices derived from the abiotic and biotic data (i.e., to test 
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the null hypothesis that there is no relation between the site-specific matrices).  
Finally, the Biota and/or Environmental matching procedure (BIO-ENV; Clarke 
and Warwick 2001), based on Spearman rank correlation coefficients (pw), 
was used to link patterns in vegetation assemblages to abiotic factors.  For 
this analysis, soil and water concentration data were log-transformed and 
percent measures of soil properties were square-root transformed to improve 
normality.  An examination of all combinations of environmental variables 
identified the sets with the greatest pw, assumed to provide the best match 
with the vegetation data. 
 
Results: 
Summary of field sampling results: 
Distinct hydrochemical patterns occurred in the three rich fens, whereas 
water chemistry was similar across the poor fen.  Differences in pore-water 
chemistry resulted from the interface of large-scaled, SO4
2-
 -enriched ground-
water discharge and local inflow from adjacent hillslopes (Table 4-2).  In 
contrast, spatial patterns in the poor fen resulted mainly from dilute ground-
water flowing laterally from the wetland edge; large-scale, mineral-rich ground-
water discharge had limited influence on the shallow pore-water chemistry. 
At EMF, the transect extended 70 m from the wetland edge; soil and water 
samples and plant surveys were collected at six locations (see Figure 4-1).  
For the hydrologic groupings, EMF1 and EMF2 were identified as up-gradient; 
EMF3, as mid-gradient; and EMF5, 6 and 7 as down-gradient (see Bailey 
2006a).  Seventy-five (75) plant species were recorded with the greatest 
diversity occurring between EMF3 and EMF7 (Figure 4-2).  The number of  
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pH EC (uS) NO3
- NH4
+ Fetotal SO4
2- HCO3
- CO2 Ca
2+
EMF1 7.1 0.2 b.d. 0.4 28.6 161 50.3
EMF2 7.0 610 0.1 b.d. 0.4 13.0 271 51 78.0
EMF3 6.9 400 0.3 b.d. 0.3 29.9 213 105 71.6
EMF5 6.9 597 0.0 0.0 0.7 1.2 452 129 117.0
EMF6 7.0 488 0.0 0.0 0.4 7.8 341 84 88.7
EMF7 7.0 494 0.0 b.d. 0.0 6.7 337 64 23.8
PH1 6.7 0.7 0.2 0.0 18.8 423 109 125.9
PH2 6.7 0.4 0.5 0.2 2.3 518 50 139.4
PH3 6.4 389 0.0 0.1 0.3 1.1 495 82 128.3
PH4 6.7 620 0.1 0.2 0.0 7.1 352 45 95.4
PH5 6.5 693 0.1 0.5 0.3 0.7 415 62 102.2
PH6 6.6 599 0.0 0.1 0.2 2.4 381 69 91.6
PH7 6.7 603 0.0 0.3 0.5 0.2 371 46 90.7
PH8 6.8 751 0.0 0.2 0.5 0.2 419 75 103.1
PH9 6.9 735 0.0 0.0 0.4 0.5 399 71 99.4
PH10 7.1 861 0.0 0.2 0.4 0.1 460 76 117.2
JP1 7.3 578 0.1 0.0 0.9 0.9 343 95.2
JP2 7.0 384 0.0 0.6 0.7 2.3 178 72 55.3
JP3 7.3 485 0.1 0.3 0.1 2.7 307 54 70.8
JP4 6.6 0.0 0.1 0.6 2.7 276 55 70.0
JP5 7.5 406 0.1 0.2 0.0 13.8 329 64 74.6
JP6 6.9 955 0.0 0.2 0.6 0.3 567 156 137.9
JP7 7.2 707 0.0 0.2 0.1 10.4 382 110 87.1
JP8 7.2 706 0.0 0.2 0.2 0.6 470 93 116.7
JP9 6.8 815 0.0 0.2 0.2 0.2 548 81 141.0
JP10 7.1 803 0.0 0.2 0.1 1.1 506 91 131.1
JP11 7.8 421 0.0 0.2 0.0 13.7 229 11 54.3
RSF1 6.6 215 0.1 4.0 1.0 0.3 157 37.4
RSF2 6.7 152.5 0.0 0.2 1.2 0.2 123 30.9
RSF3 5.7 110.5 0.0 0.1 1.2 0.3 86 22.6
RSF4 6.1 78.1 0.1 0.5 0.9 0.3 64 14.9
RSF5 5.3 30.5 0.0 1.0 1.1 0.1 21 4.8
Shallow Pore Water Chemistry
Transect 
Location
Table 4-2:  Environmental data collected from four New York fens, 2002.  
Shallow pore-water samples (5-20 cm depth) were collected from East 
Malloryville Fen (EMF) on September 17; Pumpkin Hollow (PH) fen on July 
23; Junius Pond (JP) fen on July 31; and Rainbow Shores Fen (RSF) on 
August 4.  Dissolved concentrations (0.45 um filter) are in mg/L and soil 
measures are in g/m
2, unless otherwise noted.  Blank entries indicate 
results were not available, usually because of limited sample volume.  
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%OM
BD  
(g/cm
3)
P   Fe  Al Ca     S  Mg  Mn    
EMF1 15.9% 1.13 9.5 254.4 499.1 91.3 14.0 49.1 4.1
EMF2 29.6% 0.58 6.6 138.2 217.5 93.1 17.6 25.7 4.3
EMF3 55.7% 0.37 4.2 41.5 82.7 101.3 21.3 14.2 1.7
EMF5 68.3% 0.22 2.3 33.2 51.0 50.4 15.2 9.8 2.5
EMF6 64.1% 0.20 1.9 30.8 64.7 40.3 19.3 10.7 0.6
EMF7 56.2% 0.21 3.0 20.6 43.5 48.0 19.2 7.8 1.2
PH1 17.5% 1.09 12.1 650.6 559.3 151.6 14.3 76.4 7.2
PH2 27.0% 0.49 5.5 97.6 212.0 100.7 12.0 30.6 2.0
PH3 42.3% 0.38 4.6 70.1 142.7 106.6 15.8 25.4 1.5
PH4 43.7% 0.40 4.7 79.1 151.0 114.6 20.5 27.3 1.7
PH5 26.6% 0.28 3.6 59.0 117.8 88.8 16.2 20.8 5.3
PH6 50.3% 0.32 3.9 50.4 98.8 99.2 27.4 19.9 0.9
PH7 54.2% 0.27 3.0 37.7 69.6 122.5 14.0 16.6 1.4
PH8 76.0% 1.19 11.6 106.3 84.6 573.0 66.7 49.5 1.5
PH9 61.0% 0.22 2.7 28.7 37.9 89.1 12.2 11.4 0.5
PH10 51.7% 0.25 3.3 51.4 87.5 72.2 11.8 16.3 0.6
JP1 21.2% 0.77 7.2 64.1 113.3 229.0 63.3 31.2 2.4
JP2 51.9% 0.36 2.7 72.5 38.0 144.5 31.4 15.5 1.8
JP3 49.5% 0.27 1.0 27.2 17.6 578.2 19.0 11.5 0.8
JP4 55.9% 0.30 1.2 26.1 20.0 580.4 26.8 13.2 0.6
JP5 61.8% 0.24 0.6 11.7 10.1 657.7 15.4 11.9 0.7
JP6 31.1% 0.33 0.8 18.9 12.4 902.3 19.1 14.9 1.0
JP7 39.8% 0.37 1.0 20.2 14.8 1050.8 22.0 17.0 1.1
JP8 25.0% 0.51 1.1 12.2 17.6 1539.0 31.0 28.3 1.0
JP9 20.6% 0.58 6.0 119.7 225.2 60.0 13.7 22.4 1.8
JP10 25.5% 0.52 7.5 76.6 85.3 173.5 23.6 16.0 9.2
JP11 16.7% 0.73 6.6 48.6 92.5 248.3 50.3 28.2 2.3
RSF1 85.9% 0.14 0.9 9.2 7.4 27.3 10.2 2.2 1.3
RSF2 89.3% 0.07 0.4 4.1 3.6 12.3 4.4 1.1 1.1
RSF3 86.4% 0.08 0.5 3.2 3.5 13.9 5.1 1.4 0.7
RSF4 87.8% 0.09 0.5 2.9 1.8 13.9 3.2 2.2 0.5
RSF5 93.4% 0.07 0.2 0.9 0.7 2.0 0.8 0.6 0.0
Transect 
Location
Shallow Soil Chemistry
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Fe 
amorp
(%)
Al 
amorp
(%)
CaCO3 
(%)
H2O 
ext P
BD  ext 
P
NaOH
ext P    
HClext 
P
HCO3 
ext P
Resin 
P 
(ug/bag
/ day)
EMF1 0.18% 0.36% 0.2% 0.03 2.84 0.50 0.56 0.05 2.77
EMF2 0.19% 0.75% 0.2% 0.05 2.99 0.90 0.53 0.06 0.79
EMF3 0.07% 0.72% 0.5% 0.02 2.05 0.56 0.05 0.12 0.09
EMF5 0.13% 0.78% 0.3% 0.02 2.05 0.56 0.05 0.12 2.13
EMF6 0.14% 0.57% 0.5% 0.04 na 0.20 0.03 0.13
EMF7 0.19% 0.21% 0.4% 0.06 4.52 0.45 0.07 0.12 0.92
PH1 0.34% 1.62% * 0.06 4.52 0.45 0.07 0.12 2.27
PH2 0.34% 0.69% 0.2% 0.04 0.86 0.12 0.02 0.12 0.24
PH3 0.31% 0.90% 0.2% 0.04 0.86 0.12 0.02 0.12 1.25
PH4 0.33% 0.74% 0.3% 0.05 1.43 0.92 2.50 0.04 1.02
PH5 0.31% 0.69% 0.7% 0.01 0.79 0.35 0.57 0.06 0.01
PH6 0.26% 0.47% 0.4% 0.04 1.38 0.63 0.48 0.06 1.51
PH7 0.22% 0.90% 1.1% 0.01 0.92 0.41 0.29 0.10 2.11
PH8 0.25% 0.43% 1.6% 0.01 0.92 0.41 0.29 0.00 0.03
PH9 0.16% 0.45% 0.5% 0.02 0.68 0.24 0.20 0.11 0.01
PH10 0.14% 0.94% 0.2% 0.02 0.68 0.24 0.20 0.00 0.62
JP1 0.17% 0.87% 0.5% 0.03 1.50 0.50 0.29 0.14 2.88
JP2 0.24% 1.16% 0.5% 0.02 1.57 0.33 0.09 0.12 0.79
JP3 0.18% 0.39% 0.4% 0.02 na 0.33 0.09 0.00 1.82
JP4 0.17% 0.34% 0.5% 0.07 na 0.39 0.10 0.16 3.37
JP5 0.10% 1.28% 2.2% 0.07 na 0.39 0.10 0.00 0.00
JP6 0.05% 0.74% 20.9% 0.15 na 0.51 0.11 0.14 0.01
JP7 0.05% 0.41% 16.9% 0.03 na 0.27 0.11 0.10 0.02
JP8 0.03% 0.35% 23.9% 0.02 na 0.46 0.76 0.05 0.01
JP9 0.03% 0.35% 23.0% 0.02 1.53 0.46 0.76 0.00 0.04
JP10 0.04% 0.40% 25.1% 0.01 0.68 0.37 0.19 0.08 0.00
JP11 0.04% 0.16% 25.3% 0.00 0.67 0.26 0.10 0.14 0.01
RSF1 0.06% 0.48% 0.5% 0.00 na 0.22 0.07 0.15 1.91
RSF2 0.05% 0.54% 2.1% 0.00 na 0.12 0.50 0.11 0.00
RSF3 0.07% 0.30% 0.7% 0.00 na 0.14 0.19 0.07 0.51
RSF4 0.05% 0.25% 0.4% 0.01 na 0.24 0.25 0.09 0.70
RSF5 0.03% 0.09% 0.9% 0.01 na 0.24 0.25 0.05 0.02
Transect 
Location
Shallow Soil Chemistry
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Fe 
amorp
(%)
Al 
amorp
(%)
CaCO3 
(%)
H2O 
ext P
BD  ext 
P
NaOH
ext P    
HClext 
P
HCO3 
ext P
Resin 
P 
(ug/bag
/ day)
EMF1 0.18% 0.36% 0.2% 0.03 2.84 0.50 0.56 0.05 2.77
EMF2 0.19% 0.75% 0.2% 0.05 2.99 0.90 0.53 0.06 0.79
EMF3 0.07% 0.72% 0.5% 0.02 2.05 0.56 0.05 0.12 0.09
EMF5 0.13% 0.78% 0.3% 0.02 2.05 0.56 0.05 0.12 2.13
EMF6 0.14% 0.57% 0.5% 0.04 na 0.20 0.03 0.13
EMF7 0.19% 0.21% 0.4% 0.06 4.52 0.45 0.07 0.12 0.92
PH1 0.34% 1.62% * 0.06 4.52 0.45 0.07 0.12 2.27
PH2 0.34% 0.69% 0.2% 0.04 0.86 0.12 0.02 0.12 0.24
PH3 0.31% 0.90% 0.2% 0.04 0.86 0.12 0.02 0.12 1.25
PH4 0.33% 0.74% 0.3% 0.05 1.43 0.92 2.50 0.04 1.02
PH5 0.31% 0.69% 0.7% 0.01 0.79 0.35 0.57 0.06 0.01
PH6 0.26% 0.47% 0.4% 0.04 1.38 0.63 0.48 0.06 1.51
PH7 0.22% 0.90% 1.1% 0.01 0.92 0.41 0.29 0.10 2.11
PH8 0.25% 0.43% 1.6% 0.01 0.92 0.41 0.29 0.00 0.03
PH9 0.16% 0.45% 0.5% 0.02 0.68 0.24 0.20 0.11 0.01
PH10 0.14% 0.94% 0.2% 0.02 0.68 0.24 0.20 0.00 0.62
JP1 0.17% 0.87% 0.5% 0.03 1.50 0.50 0.29 0.14 2.88
JP2 0.24% 1.16% 0.5% 0.02 1.57
Fe 
amorp
(%)
Al 
amorp
(%)
CaCO3 
(%)
H2O 
ext P
BD  ext 
P
NaOH
ext P    
HClext 
P
HCO3 
ext P
Resin 
P 
(ug/bag
/ day)
EMF1 0.18% 0.36% 0.2% 0.03 2.84 0.50 0.56 0.05 2.77
EMF2 0.19% 0.75% 0.2% 0.05 2.99 0.90 0.53 0.06 0.79
EMF3 0.07% 0.72% 0.5% 0.02 2.05 0.56 0.05 0.12 0.09
EMF5 0.13% 0.78% 0.3% 0.02 2.05 0.56 0.05 0.12 2.13
EMF6 0.14% 0.57% 0.5% 0.04 na 0.20 0.03 0.13
EMF7 0.19% 0.21% 0.4% 0.06 4.52 0.45 0.07 0.12 0.92
PH1 0.34% 1.62% * 0.06 4.52 0.45 0.07 0.12 2.27
PH2 0.34% 0.69% 0.2% 0.04 0.86 0.12 0.02 0.12 0.24
PH3 0.31% 0.90% 0.2% 0.04 0.86 0.12 0.02 0.12 1.25
PH4 0.33% 0.74% 0.3% 0.05 1.43 0.92 2.50 0.04 1.02
PH5 0.31% 0.69% 0.7% 0.01 0.79 0.35 0.57 0.06 0.01
PH6 0.26% 0.47% 0.4% 0.04 1.38 0.63 0.48 0.06 1.51
PH7 0.22% 0.90% 1.1% 0.01 0.92 0.41 0.29 0.10 2.11
PH8 0.25% 0.43% 1.6% 0.01 0.92 0.41 0.29 0.00 0.03
PH9 0.16% 0.45% 0.5% 0.02 0.68 0.24 0.20 0.11 0.01
PH10 0.14% 0.94% 0.2% 0.02 0.68 0.24 0.20 0.00 0.62
JP1 0.17% 0.87% 0.5% 0.03 1.50 0.50 0.29 0.14 2.88
JP2 0.24% 1.16% 0.5% 0.02 1.57 0.33 0.09 0.12 0.79
JP3 0.18% 0.39% 0.4% 0.02 na 0.33 0.09 0.00 1.82
JP4 0.17% 0.34% 0.5% 0.07 na 0.39 0.10 0.16 3.37
JP5 0.10% 1.28% 2.2% 0.07 na 0.39 0.10 0.00 0.00
JP6 0.05% 0.74% 20.9% 0.15 na 0.51 0.11 0.14 0.01
JP7 0.05% 0.41% 16.9% 0.03 na 0.27 0.11 0.10 0.02
JP8 0.03% 0.35% 23.9% 0.02 na 0.46 0.76 0.05 0.01
JP9 0.03% 0.35% 23.0% 0.02 1.53 0.46 0.76 0.00 0.04
JP10 0.04% 0.40% 25.1% 0.01 0.68 0.37 0.19 0.08 0.00
JP11 0.04% 0.16% 25.3% 0.00 0.67 0.26 0.10 0.14 0.01
RSF1 0.06% 0.48% 0.5% 0.00 na 0.22 0.07 0.15 1.91
RSF2 0.05% 0.54% 2.1% 0.00 na 0.12 0.50 0.11 0.00
RSF3 0.07% 0.30% 0.7% 0.00 na 0.14 0.19 0.07 0.51
RSF4 0.05% 0.25% 0.4% 0.01 na 0.24 0.25 0.09 0.70
RSF5 0.03% 0.09% 0.9% 0.01 na 0.24 0.25 0.05 0.02
Transect 
Location
Shallow Soil Chemistry
)
Table 4-2 (continued). 
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fens indicator species increased along the gradient, from 0-6 species  to 6-13 
species. 
At PH, the 85 m transect extending from the wetland edge to the fen 
interior included ten sampling points.  For the hydrologic groupings, PH1 – 
PH4 were identified as up-gradient; PH5 – PH7, as mid-gradient; and PH9 – 
PH10 as down-gradient.  Ninety-eight (98) plant species were recorded with 
the greatest diversity occurring between PH6 and PH10 (range: 31 to 48 
species).  Mosses, liverworts, and fen indicator plant species increased from 
up-gradient locations (0-3 species and 1-2 species, respectively) to down-
gradient locations (3-10 species and 7-12 species, respectively).   
At JP, the 135 m transect included ten sampling points (JP1 – JP10).  For 
the hydrologic groupings, JP1 – JP3 were identified as up-gradient; JP4 – JP8 
as mid-gradient; and JP9 – JP10 as down-gradient.  Seventy-nine plant (79) 
species were recorded with the greatest diversity occurring at JP4 (28 
species).  Mosses, liverworts, and fen indicator plants again increased from 
the up-gradient locations (0-2 species and 1-2 species, respectively) to down-
gradient locations (2-7 species and 3-7 species, respectively).   
At RSF, the 110 m transect included five sampling locations (RSF1-5).  
For the hydrologic groupings, RSF1 and RSF2 were identified as up-gradient; 
RSF3 and RSF4 as mid-gradient; and RSF5 as down-gradient.  Fifty-eight (58) 
plant species were recorded with the greatest diversity occurring at RSF2 (30 
species).  The number of mosses and liverworts across the study area ranged 
between 6 and 8 species.  Fen indicator species were observed at mid-
gradient sampling points (4-7 species).   
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Results of Multivariate Statistical Analyses: 
In the rich fens, significant separation of the similarity estimates 
comparing water and soil properties occurred among up-, mid-, and down-
gradient sampling locations (Figure 4-3).  At all sites, calculated similarity 
indices for abiotic and biotic data ranked similarly, indicating that the 
distribution of plant species is related to environmental conditions (Table 4-3).  
Associations among observed soil and water measures and hydrologic 
patterns were more distinct at EMF and JP (Global R range 0.45-1.0; p-range 
0.01-0.02) than at PH (Global R = 0.16, p=0.08), where complex topography 
and stratigraphy resulted in more complicated flow patterns.  Dissimilarity in 
plant species composition also separated out among different hydrologic 
groups (Global R range 0.47-0.96; p-range 0.01-0.03).  In contrast, 
environmental conditions and plant species composition were not significantly 
different along the hydrologic transect in the poor fen (Global R 0.38 and 0.63; 
p-values 0.27 and 0.33, respectively).  In the rich fens, physical factors, 
including elevation relative to the wetland edge and distance along the 
sampling transect, frequently were associated with dissimilarity in plant 
species composition (Table 4-4).  Potentially important soil characteristics 
included % organic matter, and total phosphorus, sulfur, and calcium contents.  
Potentially important pore-water parameters included alkalinity and total 
dissolved magnesium and potassium concentrations.  In the poor fen, physical 
attributes were not as important, and pore-water constituents, including 
calcium, sulfur, bicarbonate, manganese, and chloride, were associated more 
frequently with patterns in plant species distributions. 
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0.64
(0.04)
0.63
(<0.01)
0.67
(<0.01)
0.78
(<0.01)
RELATE
R 
Statistic
(p value)
Vegetation Water & Soil Chemistry
Site
(n)
Up-mid:
R=0.75, 
p=0.33
Mid-down:
R=1, 
p=0.33
0.625
(0.13)
Up-mid:
R=0.25, 
p=0.33
Mid-dow n:
R=1.00, 
p=0.33
0.38
(0.27)
RSF
(5)
Up-mid:
R=0.75, 
p=0.02
Mid-down:
R=0.25, 
p=0.91
0.47
(0.03)
Up-mid:
R=0.09, 
p=0.26
Mid-dow n:
R=0.37, 
p=0.10
0.45
(0.01)
JP
(10)
Up-mid:
R=0.24, 
p=0.17
Mid-down:
R=0.78, 
p=0.10
0.56
(<0.01)
Up-mid:
R=0.09, 
p=0.26
Mid-dow n:
R=0.37, 
p=0.10
0.16
(0.08)
PH
(10)
Up-mid:
R=0, 
p=0.67
Mid-down:
R=1, 
p=0.10
0.96
(0.03)
Up-mid:
R=0, 
p=0.67
Mid-dow n:
R=1.0, 
p=0.1
1.0
(0.02)
EMF
(6)
Pairwise
Global R
(p value)
Pairwise
Global R
(p value)
0.64
(0.04)
0.63
(<0.01)
0.67
(<0.01)
0.78
(<0.01)
RELATE
R 
Statistic
(p value)
Vegetation Water & Soil Chemistry
Site
(n)
Up-mid:
R=0.75, 
p=0.33
Mid-down:
R=1, 
p=0.33
0.625
(0.13)
Up-mid:
R=0.25, 
p=0.33
Mid-dow n:
R=1.00, 
p=0.33
0.38
(0.27)
RSF
(5)
Up-mid:
R=0.75, 
p=0.02
Mid-down:
R=0.25, 
p=0.91
0.47
(0.03)
Up-mid:
R=0.09, 
p=0.26
Mid-dow n:
R=0.37, 
p=0.10
0.45
(0.01)
JP
(10)
Up-mid:
R=0.24, 
p=0.17
Mid-down:
R=0.78, 
p=0.10
0.56
(<0.01)
Up-mid:
R=0.09, 
p=0.26
Mid-dow n:
R=0.37, 
p=0.10
0.16
(0.08)
PH
(10)
Up-mid:
R=0, 
p=0.67
Mid-down:
R=1, 
p=0.10
0.96
(0.03)
Up-mid:
R=0, 
p=0.67
Mid-dow n:
R=1.0, 
p=0.1
1.0
(0.02)
EMF
(6)
Pairwise
Global R
(p value)
Pairwise
Global R
(p value)
Table 4-3.  Summary of non-parametric multivariate analysis of biotic and 
abiotic data collected from four New York fens in 2002.  1)  ANOSIM and pair-
wise comparison results indicate differences in environmental (abiotic) 
conditions and vegetation along hydrologic gradients in NY fens.  2) RELATE 
results indicate matched similarity between abiotic and biotic similarity 
matrices.  The number of sampling points at each site is indicated by n.    148
 
Cluster analyses of the vegetation data indicated which species were  
Site
(n)
Ca2+
dissolved (0.82)
Distance (0.82)
Soil S, % Soil C (0.87)
HCO3
-
dissolved, Mgdissolved (0.86)
Ca2+
dissolved, Soil Mn, % Soil N (0.90)
EC, Mn2+
dissolved, Cl-
dissolved, % Soil C (0.94)
HCO3
-
dissolved, Mn2+
dissolved, Cl-
dissolved, % Soil C (0.94)
Ca2+
dissolved, Mn2+
dissolved, Cl-
dissolved, % Soil C (0.94)
Mn2+
dissolved, Cl-
dissolved, Soil Mn, % Soil C (0.94)
RSF
(5)
Elevation (0.85)
Soil P (0.79)
Mgdissolved, % Soil N, Distance (0.91)
HCO3
-
dissolved, % Soil N, Distance (0.90)
K+
dissolved, % Soil OM, Distance (0.89)
Mg2+
dissolved, % Soil OM, Distance (0.88)
Soil P, Soil Ca, Elevation (0.88)
Soil P, Elevation, Distance (0.88)
JP
(10)
Distance (0.83)
WT Depth, Distance (0.89)
%Soil N, Distance (0.88)
Mgdissolved, Distance (0.87)
pH, Distance (0.87)
Mndissolved, Distance (0.86)
% Soil N, WT Depth, Distance (0.91)
Water-ext P, WT Depth, Distance (0.91)
PH
(10)
Elevation (0.85)
Mgdissolved, % Soil N, Distance (0.91)
HCO3
-
dissolved, % Soil N, Distance (0.89)
K+
dissolved, % Soil OM, Distance (0.89)
Mg2+
dissolved, % Soil OM, Distance (0.88)
Soil P, Soil Ca, Elevation (0.88)
Soil P, Elevation, Distance (0.88)
EMF
(6)
Predictor Variables
(Spearman Rank Correlation Coefficients)
Site
(n)
Ca2+
dissolved (0.82)
Distance (0.82)
Soil S, % Soil C (0.87)
HCO3
-
dissolved, Mgdissolved (0.86)
Ca2+
dissolved, Soil Mn, % Soil N (0.90)
EC, Mn2+
dissolved, Cl-
dissolved, % Soil C (0.94)
HCO3
-
dissolved, Mn2+
dissolved, Cl-
dissolved, % Soil C (0.94)
Ca2+
dissolved, Mn2+
dissolved, Cl-
dissolved, % Soil C (0.94)
Mn2+
dissolved, Cl-
dissolved, Soil Mn, % Soil C (0.94)
RSF
(5)
Elevation (0.85)
Soil P (0.79)
Mgdissolved, % Soil N, Distance (0.91)
HCO3
-
dissolved, % Soil N, Distance (0.90)
K+
dissolved, % Soil OM, Distance (0.89)
Mg2+
dissolved, % Soil OM, Distance (0.88)
Soil P, Soil Ca, Elevation (0.88)
Soil P, Elevation, Distance (0.88)
JP
(10)
Distance (0.83)
WT Depth, Distance (0.89)
%Soil N, Distance (0.88)
Mgdissolved, Distance (0.87)
pH, Distance (0.87)
Mndissolved, Distance (0.86)
% Soil N, WT Depth, Distance (0.91)
Water-ext P, WT Depth, Distance (0.91)
PH
(10)
Elevation (0.85)
Mgdissolved, % Soil N, Distance (0.91)
HCO3
-
dissolved, % Soil N, Distance (0.89)
K+
dissolved, % Soil OM, Distance (0.89)
Mg2+
dissolved, % Soil OM, Distance (0.88)
Soil P, Soil Ca, Elevation (0.88)
Soil P, Elevation, Distance (0.88)
EMF
(6)
Predictor Variables
(Spearman Rank Correlation Coefficients)
Table 4-4.  Results of BIO-ENV statistical analyses (Clarke and Warwick 
2001) indicating potential linkages between the distribution of plant 
species and environmental data.  The number of sampling point at each 
site is indicated by n.
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Cluster analyses of the vegetation data indicated which species were 
associated with pre-defined hydrologic zones (Figures 4-4 through 4-7).  
Among the three rich fens, species that consistently occurred in down-gradient 
locations included Campylium stellatum, Carex stricta, Eupatorium maculatum, 
Thelypteris palustris, and Typha angustifolia.  Species occurring up-gradient of 
the open fen areas were more variable among sites.   
 
Discussion: 
Similar to other reports, New York rich fens occur where saturated soils 
and circumneutral pH are maintained by the influx of carbonate ground water 
(Komor 1994; Almendinger and Leete 1998a).  The interaction of multi-scaled, 
ground-water systems and delivery of carbonate ground water enriched with 
SO4
2- produced stable water-table elevations, distinct hydrochemical 
gradients, and variation in P availability along hydrologic gradients within each 
site.  Resulting environmental conditions moderated nutrient limitation and 
corresponded with increased diversity and the occurrence of plant species 
unique to rich fen habitats (Boeye et al. 1994; Bedford and Godwin 2003).   
Strong correlations using multiple variable sets suggested significant 
spatial autocorrelation.  These results are consistent with observed trends in 
ground-water evolution; flow through organic-rich substrates results in 
biogeochemical transformations and predictable changes in pore-water 
chemistry along hydrologic gradients (e.g. Hedin et al. 1998) which are 
significant enough to influence soil mineral dynamics.  Similar trends have 
been observed in other studies.  For example, in fens where decomposition 
and advective flow elevated CO2, calcite dissolution increased (Komor 1994; 
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Lamers et al. 1999).  In other sites, CO2 diffusion to the atmosphere induced 
Ca-mineral formation (Boyer and Wheeler 1989; Komor 1994; Futyma and 
Miller 2001).  Other studies have documented that SO4
- enrichment delivered 
by ground water significantly increases Fe-mineral dynamics and facilitates 
internal eutrophication or induces sulfide toxicity (Smolders et al. 1995; 
Lamers et al. 1998; Lamers et al. 2002).  
Much of the existing literature emphasizes the importance of Ca-rich 
ground water to maintaining fen communities (e.g., Bedford and Godwin 
2003), suggesting P co-precipitation with Ca-carbonates as a principle 
mechanism affecting the distribution of plant species (Richardson and 
Marshall 1986; Boyer and Wheeler 1989).  Although soil and pore water Ca
2+ 
and Mg
2+ concentrations and soil P content were identified as potentially 
important factors influencing plant species distributions in this study, 
geochemical analyses did not indicate a strong linkage between carbonate 
mineral precipitation and P-availability (Bailey 2006b).  Rather, calculated 
saturation indices suggested net dissolution of carbonate minerals where fen 
species predominantly occurred.  This likely was due to increased CO2 
concentrations (Hayne, unpublished data) produced by microbial and plant 
respiration (Komor 1994).  In addition, hydrochloric-acid extraction indicated 
Ca-bound soil P was not present in significant amounts except at the marl fen 
(Bailey 2006b).  Geochemical analyses instead indicated the importance of 
sulfur mineral formation, including siderite and Fe-sulfide minerals, and 
dithionite extraction indicated elevated Fe-bound soil P relative to other 
inorganic P pools (Bailey 2006a, b).  The close association between 
community composition and Ca
2+, Mg
2+, and HCO3
- concentrations likely 
     155
arises due biogeochemical (redox) reactions and associated carbonate 
mineral dissolution, rather than Ca-P co-precipitation.      
Sulfur-iron-phosphorus interactions control P-availability in wetlands by 
several mechanisms that are thermodynamically more favorable than 
carbonate dynamics in Ca
2+-rich, but P-limited systems (Golterman 1988).  
Enhanced Fe-dissolution and subsequent P-desorption is the primary 
mechanism initially increasing P-availability (Caraco et al. 1989; Smolders et 
al. 2001).  Sulfate reduction and subsequent iron sulfide precipitation 
significantly enhances P-release (Smolders and Roelofs 1993; Smolders et al. 
1995; Roden and Edmonds 1997; Smolders et al. 2001).  Further, alkalinity 
produced especially by SO4
2- reduction also enhances P-availability by 
stimulating mineralization and increasing internal nutrient release rates (Curtis 
1989; Roelofs 1991; Brouwer et al. 1999; Lamers et al. 2001: Lucassen et al. 
2004a).  This effect has been attributed to pH buffering (Smolders et al. 2003; 
Lamers et al. 1998) and inhibition of P sorption onto Fe oxides in sediments 
(Hawke et al. 1989).  The predominant importance of sulfur in regulating Fe-P 
cycling in wetlands (Wilson and Fitter 1984) suggests SO4
2- is a master 
variable driving nutrient availability and affecting the plant environment 
(Smolders et al. 2003). 
If delivery of SO4
2- -enriched ground water primarily controls development 
of rich fens, one might expect these habitats to occur where gypsum (CaSO4) 
minerals primarily influence shallow water quality.  A broad survey of New 
York wetlands (Godwin et al. 2002), however, revealed that fen communities 
only occur where shale and limestone primarily influence water quality.  It 
seems moderately elevated SO4 concentrations (5-60 mg/L) improve 
conditions for the development of fen communities by moderating anoxia and 
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enhancing P availability, but have only limited effects associated with Fe and S 
toxicity.  Higher SO4 concentrations can lead to excessive accumulation of 
sulfide and lethal toxicity to many fen plant species (Mitsch & Gosselink 2000; 
Lucassen et al. 2000; Lamers et al. 2002).  In addition, elevated SO4
2-
 can 
cause adverse effects to fens by promoting internal eutrophication (Smolders 
et al. 1995; Beltman et al. 2000), especially in the absence of Fe-compounds 
(Smolders and Roelofs 1993).   
The response of wetland communities to the influx of SO4
2- -enriched 
ground water parallels the resource balance model, which suggests species 
diversity increases with moderate elevation of plant nutrient availability.  The 
redox-gradients provide a mechanism to mobilize P, thereby providing enough 
nutrients to prevent severe P-limitation from stunting the establishment and 
vigor of plant species (i.e., maintaining the system on the rising limb of the 
‘resource balance’ curve).  The stable water-table, however, limits peat 
oxidation and subsequent nutrient releases that might otherwise enable more 
robust species to out-compete rare species unique to fens (Koerselman et al. 
1993; Olde Venterink et al. 2001).  A slight shift in the proportion of mixing 
between the ground-water sources or increased water-table fluctuation may 
have the potential to push the system past the threshold resulting in conditions 
where increased nutrient availability leads to less diverse plant communities 
(e.g., Lamers et al. 1998; Lucassen et al. 2003; Smolders et al. 2003). 
The importance of ground-water redox reactions emphasizes the 
potential significance of microbial activity to the development of fen 
communities.  Indeed, recent discussions in plant community ecology 
emphasize the links between microbial composition and abundance with the 
distribution of plant species (van der Heijden et al. 1998; Zak et al. 2003).  The 
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strong correlations between the environmental and vegetation data, plus 
previous investigations indicating the importance of redox reactions (Smolders 
and Roelofs 1993; Beltman et al. 2000; Smolders et al. 2001; Lucassen et al 
2004a, b; Bailey 2005), suggest that the hydrology drives microbial population 
dynamics influencing plant-species diversity (Laanbroek 1990).  Two principle 
mechanisms by which microbes can influence plant community dynamics 
include facilitating niche differentiation in resource use and soil-plant feedback 
dynamics (Reynolds et al. 2003).  The supply of terminal electron acceptors 
and carbon availability, which are both products of hydrologic influences, likely 
drive microbial processes and influence plant-microbe interactions. 
Spatial heterogeneity in fen soil and water chemistry is controlled by 
ground-water flow and its effects on biogeochemical processes that regulate 
P-availability (Reddy et al. 1999).  External supply of P is limited in fens 
(Carlyle and Hill 2001; Drexler and Bedford 2002) because P is immobile in 
oxic soils and ground-water typically has low P concentrations (Richardson 
1985; Wetzel 1998).  Therefore, internal nutrient cycling critically affects the 
establishment and maintenance of plant communities (Wilson and Fitter 1984; 
Boyer and Wheeler 1989; Drexler and Bedford 2002).  Any alteration either in 
magnitude or composition of incoming ground water could alter community 
composition.  These effects have been documented in the Netherlands 
already where water resources are highly managed.  For example, ground-
water extraction reduced mineral-rich ground-water discharge to a former fen 
complex; with only local ground-water supplied, the wetland became more 
acidic and accumulated ammonium (Lucassen et al. 2003), resulting in 
conditions more similar to a poor fen.  Indeed, hydrologic patterns were similar 
to those in the New York poor fen, where hydrochemical patterns arose 
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primarily from lateral ground water flow from the wetland edge and without 
influence of larger-scaled, mineral-rich ground water discharge.  Shallow pore 
water (0.15 – 0.5m) in the poor fen had a lower pH and higher ammonium 
concentrations than all samples collected from the rich fens.  In other 
European peatlands, SO4
2- -enriched ground-water discharge allowed 
dominant species tolerant of high sulfide concentrations to out-compete a suite 
of sub-dominant fen species (Lamers et al. 1998; Smolders et al. 2003).  
These examples reinforce conclusions drawn in this study, which emphasize 
the importance of ground water to regulating plant nutrients in rooting-zone, 
ultimately controlling plant species distributions.   
 
Summary:  Freshwater supply is critical to regulating productivity and 
supporting biodiversity at the global scale, but the linkages operate at local 
scales (Vörösmarty et al. 2005).  This study was designed to identify linkages 
between ground water flow, internal nutrient cycling, and the distribution of 
plant species in fens.  Results are consistent with current conceptual thinking 
in larger-scaled hydrologic systems (Winter and LaBaugh 2003) and confirmed 
the close association between biotic and abiotic factors (e.g., Lamers et al. 
1998; Lamers et al. 1999; Lucassen et al. 2000).  Discharge from local- and 
intermediate-scaled ground water systems induced spatial heterogeneity in 
pore-water and soil chemistry as well as affected the supply of limiting 
nutrients.  The observed patterns were consistent with the resource balance 
hypothesis.  Species diversity increased where ground water moderately 
enriched with SO4
2- resulted in stable water-table elevations and moderately 
enhanced P-availability.  A decrease in large-scale, mineral-rich ground-water 
discharge and increase in local supplies could limit P-release and increase 
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water-table fluctuations, pushing the system to a state more similar to a poor 
fen (Lucassen et al. 2003).  Conversely, an increase in SO4
2- delivery could 
elevate P-availability enough to promote the establishment of more robust 
species, especially sulfide tolerant species (Lamers et al. 1998; Smolders et 
al. 2003).  Results also confirm the importance of evaluating hydrologic 
impacts to fens from development of ground-water resources or climate 
change (Thompson et al. 1992; Winter and LaBaugh 2003).   
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Chapter Five 
Summary and Conclusions 
 
The work presented in previous chapters summarizes the culmination of 
a four-year effort to investigate linkages among ground water flow, soil 
properties and plant nutrient availability, and the distribution of fen plant 
species.  During earlier phases of the investigation, flow gradients, water-table 
dynamics, soil chemistry, and plant community composition were measured in 
sixteen fens occurring in the Lake Ontario drainage basin in New York State.  
Evidence of phosphorus (P)-limitation and strong correlation between pore-
water alkalinity and soil P concentrations suggested carbonate chemistry as a 
potential mechanism supporting the uniquely diverse and rare plant 
assemblages often associated with rich fens (Boyer and Wheeler 1989; 
Bedford and Godwin 2003).  Therefore, during the fourth year (2002), I 
selected a subset of four sites to determine if variation in plant community 
structure corresponded with variation in P-availability due to ground-water 
effects on calcium-carbonate chemistry.   
Sites were selected to contrast landscape features presumed to influence 
ground-water flow (GWF) and ultimately affect hydrochemical gradients across 
fen communities.  Two sites were sloping rich fens situated over limestone and 
shale deposits, but these differed in their topographic setting.  East Malloryville 
Fen was situated in kame and kettle terrain in a broad, highly eroded 
preglacial Finger Lakes valley; whereas Pumpkin Hollow occurred in alluvial 
deposits at the base of a steep bedrock outcrop.  The third site was a marl fen 
situated between drumlins on the Lake Ontario coastal plain.  The fourth site 
strongly contrasted the first three: Rainbow Shores Fen was a poor fen and a 
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Lake Ontario coastal wetland.  Pore water mineral concentrations at this site 
were dilute compared with the base-rich pore water in rich fens.  The study 
design addressed the hypothesis that inflow of calcium-bicarbonate ground 
water limited P-availability due to precipitation of calcium carbonate minerals 
and P-co-precipitation.  Water and soil samples and plant surveys were 
collected near nested piezometers set along a transect which paralleled GWF 
in each of the four wetlands.  Results are presented in three papers 
summarized below. 
 
Hydrochemical Patterns in Fens: 
At the three rich fens, relatively dilute ground-water originating from the 
local hill-slope influenced the fen margin, and mineral-rich ground-water from a 
larger-scaled system influenced the plant rooting zone in down-gradient 
(interior) areas (Komor 1994; Boeye 1992 in Boeye et al. 1995; Almendinger 
and Leete 1998), creating a mixing zone.  The interaction between multi-
scaled ground-water systems depended on basin morphometry (i.e., the 
topography of the underlying drift), the stratigraphy and associated hydraulic 
conductivities of the wetland soils and underlying unconsolidated deposits, 
and short-term weather patterns.  The effects of these site characteristics were 
evident especially at PH, where variation in topography and basin 
morphometry resulted in complicated GWF patterns, or at RSF, where multi-
scaled ground-water interactions were limited by dense and continuous clay 
underlying the peat.  The small-scaled patterns of interactions are consistent 
with GWF patterns observed across regional scales (Winter 1999). 
Sequential changes in NO3
-, Fe
2+, SO4
2-, and HCO3
- concentrations 
provided evidence of spatial redox gradients across fens arising from the 
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influence of ground water (Hedin 1998; Carlyle and Hill 2001).  In particular, 
delivery of SO4
2--enriched ground water, derived from GWF through shale or 
gypsum deposits (McBride 1994) or as a by-product of NO3
--reduction (Dia et 
al. 2000), moderated anoxia across large (meter-scaled) areas.  Alkalinity, 
which is a by-product of SO4
2-
 reduction, also increased; the highest 
concentrations occurred in more anoxic areas (Kenoyer and Anderson 1989).  
In addition to the predicted changes in redox-sensitive species, total dissolved 
solids increased, likely due to enhanced CO2 production (Komor 1994).  
Changes in calcium and bicarbonate concentrations were significant enough 
to impose secondary effects on mineral dynamics (Komor 1994). 
Results countered initial expectations, which were based on the close 
association historically observed between the occurrence of rich fen plant 
species and Ca
2+-rich ground water (e.g., Slack et al. 1980; Vitt and Chee 
1990; Vitt 1994).  Phosphorus co-precipitation with calcite minerals has been 
suggested as predominant mechanism affecting nutrient availability (Boyer 
and Wheeler 1989; Bedford et al. 1999; Bedford and Godwin 2003).  In this 
study, evidence of Ca-mineral precipitation occurred only in the marl fen (i.e., 
JP).  Instead, iron-sulfur reactions had greater potential to control plant 
nutrient dynamics, either by regulating geochemical release of P (Caraco et al. 
1989; Smolders and Roelofs 1993; Roden and Edmonds 1997) or facilitating 
decomposition (Lamers et al. 1998; Smolders et al. 2003; Lucassen et al. 
2004 a, b). 
 
Relating Soil Properties to Ground-Water Discharge: 
To investigate linkages between soil mineral chemistry and GWF, soil 
samples were collected in the plant rooting zone (5-20 cm below the land 
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surface) along GWF-paths, and analyzed for total elemental content, 
carbonate content (%CaCO3), and inorganic P fractions.  Elemental calcium 
concentrations and %CaCO3 measures were similarly low among all sites, 
including the poor fen; in fact, %CaCO3 did not contribute substantially to the 
soil composition except in the marl fen (JP).  Also, HClext-P, assumed to 
capture calcium-bound P, decreased with Ca-mineral content, rather than 
increasing as expected.  Results were corroborated by geochemical analyses 
of pore-water samples, which indicated net calcite mineral dissolution and 
suggested Ca-P dynamics do not control P-regulation in NY rich fens (Boyer 
and Wheeler 1989; Bedford and Godwin 2003).  Soil analyses also suggested 
the importance of Fe-S redox reactions to P-cycling.  Phosphorus availability 
increased along with total soil S, Fe, and P in areas of active SO4
2- reduction 
(i.e., down-gradient, ground-water discharge zones in the open fen areas).  
Perhaps these results are not surprising because other reactions are 
kinetically more favorable, including plant and microbial uptake, precipitation 
with more reactive minerals (e.g., iron sulfides), and sorption to iron oxides, 
clays and organic matter (House 2003).  These processes will predominate 
even in when pore water is supersaturated with respect to calcite minerals 
because they are thermodynamically more favorable (Wilson and Fitter 1984; 
Golterman 1988).  In addition, plant production of tannic acids and 
polyphenols inhibits calcite growth (Hoch et al. 1999) and biological production 
of CO2 accelerates CaCO3 dissolution (DePinto et al.1989). 
The exact mechanism promoting P-release, however, was difficult to 
identify because Fe-S reactions alter several environmental conditions that 
could induce P-release.  First, SO4
2- reduction enhances iron mineral 
dissolution and consequently releases P (Caraco et al. 1989; Smolders and 
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Roelofs 1993; Roden and Edmonds 1997).  Second, elevated alkalinity 
produced as a by-product of redox reactions enhances internal eutrophication 
by neutralizing acidity generated by microbial respiration (Lamers et al. 1998; 
Smolders et al. 2003) and facilitating microbial mineralization (Curtis 1989; 
Roelofs 1991; Brouwer et al. 1999; Lamers et al. 1998; Lamers et al. 2001: 
Lucassen et al. 2004a).  Elevated alkalinity also inhibits P sorption onto Fe
2+ 
oxides in sediments (Hawke et al. 1989).  Finally, reduced conditions can 
increase available P due to microbial release of polyphosphates 
(Khoshmanesh et al. 1999).  These biogeochemical processes likely occur 
simultaneously and together explain the elevated P-availability observed in the 
sub-oxic area of each fen. 
 
Linking Plant Species Distributions with Soil and Water Properties: 
Significant correlations between plant species distributions, and observed 
hydrochemical patterns indicated a close association between biotic and 
abiotic factors (e.g., Lamers et al. 1998; Lamers et al. 1999; Lucassen et al. 
2000).  Results were consistent with current conceptual thinking in larger-
scaled hydrologic systems (Winter and LaBaugh 2003) suggesting that water 
supply is critical to regulating productivity and supporting biodiversity 
(Vörösmarty et al. 2004).  Discharge from local- and intermediate-scaled 
ground water systems induced spatial heterogeneity in pore-water and soil 
chemistry as well as affected the supply of limiting nutrients.   
Observed patterns in species distribution were consistent with the 
resource balance hypothesis, which predicts the greatest diversity of species 
to occur under moderately high nutrient conditions.  At these sites, species 
diversity was greatest where ground water discharge, moderately enriched 
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with SO4
2-, induced stable water-table elevations and increased P-availability 
by enhancing internal cycling rates.  A shift in the balance of ground-water 
resources could alter the biogeochemical processes enough to adversely 
affect the fen communities.  For example, a decrease in large-scale, mineral-
rich ground-water discharge and increase in local supplies could limit P-
release and increase water-table fluctuations, pushing the system to a state 
more similar to a poor fen (Lucassen et al. 2003).  Conversely, an increase in 
SO4
2-delivery could elevate P-availability enough to promote the establishment 
of more robust species, especially sulfide tolerant species (Lamers et al. 1998; 
Smolders et al. 2003).  These results suggest the importance of evaluating 
hydrologic impacts to fens from development of ground-water resources or 
climate change (Thompson et al. 1992; Winter and LaBaugh 2003). 
 
Implications and Future Work: 
The dynamic interaction between multi-scaled ground-water systems 
evidenced across each fen complex indicated the tight coupling between 
isolated wetlands and the surrounding landscape.  In this study, supply of 
ground-water enriched with terminal electron acceptors and reactions with 
organic-rich substrates changed pore-water quality and influenced 
geochemical reactions enough to influence plant nutrient availability.  
Phosphorus availability apparently was enhanced enough to prevent stunted 
growth but limited enough to prevent robust species from displacing rare ones 
often observed in rich fen habitats. 
In addition to valuing fens for their biodiversity, results from this study 
suggest that rich fens are perpetual biogeochemical hotspots (McCain et al. 
2003).  For example, pore-water nitrate concentrations immediately decreased 
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to near detection limits once the enriched ground water reached organic soils, 
and the lack of ammonium accumulation suggested a strongly active 
denitrification zone (Lucassen 2004).  Potential for contaminant effects also 
should be considered.  For example, additional SO4
2-
 delivery could induce 
heavy metal mobilization, notably methyl-mercury release and lead to 
contamination of down-gradient waterbodies (Krabbenhoft 2005).  
Future work could focus on several different spatial scales to further 
investigate important questions concerning biodiversity and the occurrence of 
rich fens.  Although geochemical analyses reinforced the surveyed results and 
indicated a close association between abiotic and biotic factors, the 
observational design of this study did not enable identification of the 
mechanism(s) controlling P-availability and plant species distributions 
conclusively.  Microbial processes likely play a key role in regulating 
biogeochemical processes and the plant rooting zone’s environment.  Future 
studies should focus on the distribution and abundance of microbial 
populations as the potential missing link relating environmental conditions to 
the diversity of a given plant communities (Coleman and Whitman 2005).  
Experimental studies designed to investigate resource limitations to microbial 
respiration (i.e., nutrients, carbon substrate and terminal electron acceptor 
availabilities) could reinforce conclusions drawn in this investigation. 
Calcium mineral precipitation did not play as integral a role in P-
availability as originally hypothesized.  Carbon chemistry dynamics, especially 
in terms of CO2 production, however, were associated with changes in shallow 
pore-water quality (Komor 1994).  Isotope tracers could be used to determine 
the source of CO2, and the relative significance of plant versus microbial 
respiration in promoting biogeochemical processes in the shallow soil.  Isotope 
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studies also could provide insights ascertaining the relative contributions of 
different ground water sources (Matheney and Gerla 1996; Price and 
Waddington 2000). 
Finally, extrapolating results from these detailed studies to a regional 
scale would provide a useful extension of this work.  These efforts could 
include modeling GWF to investigate watershed properties promoting the 
development of fens supplied by multiple-scaled ground-water sources (i.e., 
developing MODFLOW applications (e.g., Restrepo et al. 1998)).  A regional 
or geographic analysis identifying where these landscape features co-occur 
would help conservationists identify the location of these unique and dynamic 
wetlands and facilitate the development of management plans to protect these 
species-rich habitats.  
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